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ABSTRACT 
Phytophthora root rot was first described on American chestnut (Castanea 
dentata) in a preliminary report in 1932 and the causal agent was tentatively and 
erroneously identified as P. cambivora. Soon after, the causal agent was correctly 
identified as P. cinnamomi and, since that time, P. cinnamomi has been the only species 
reported to cause Phytophthora root rot on the American chestnut. In the early 1980s, The 
American Chestnut Foundation initiated a backcross breeding program to develop 
chestnut trees that had resistance to Cryphonectria parasitica, which causes chestnut 
blight. In the early 2000s, backcross hybrid chestnut seedlings ([American × Chinese] × 
American) were planted in field plots in the eastern United States to evaluate field 
performance of these seedlings. Between 2010 and 2014, 271 root and 353 soil samples 
associated with diseased American, Chinese, and backcross hybrid chestnut seedlings 
were collected in eight field sites in four states in the southeastern United States, and 
these samples were assayed for presence of species of Phytophthora. Phytophthora 
cinnamomi, P. cambivora, P. heveae, P. quercetorum, and P. cryptogea were recovered 
by isolation from roots on PARPH-V8 selective medium and baiting soil with 
rhododendron and camellia leaf pieces. A total of 248 isolates were recovered and 
tentatively identified based on morphology; species identifications were confirmed by 
sequencing the internal transcribed spacer (ITS) region of ribosomal DNA (rDNA). 
Phytophthora cinnamomi was recovered most frequently—from 17% of root and 34% of 
soil samples. Phytophthora cambivora and P. heveae also were recovered—from 10% 
and 1% of root samples and 9% and 5% of soil samples, respectively. Nine of the isolates 
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of P. cambivora were from roots of and soils associated with backcross hybrid chestnut 
seedlings growing in in the field at a tree nursery in western VA. Phytophthora 
quercetorum was recovered from one soil sample, and P. cryptogea was isolated from 
roots of five backcross hybrid chestnut seedlings at a separate field site in northwestern 
South Carolina.  
Isolates were characterized for mycelium growth habit, mating type, mefenoxam 
sensitivity, and sporangium production. Three mycelium growth habits were identified 
when isolates of P. cinnamomi were grown on PARPH-V8 selective medium. All 165 
isolates of P. cinnamomi were mating type A2; but both A1 and A2 mating types were 
present in the population of isolates of P. cambivora. Isolates of all species recovered 
from forest sites and the site in South Carolina were sensitive to the fungicide 
mefenoxam at 100 ppm, but two isolates of P. cambivora from the nursery site were 
insensitive to this fungicide. The cytochrome c oxidase subunit 1 (cox1) locus was 
sequenced for 52 isolates of P. cambivora, and all sequences were similar. A single 
nucleotide polymorphism was observed in sequences of the rps10 gene for a small subset 
of P. cinnamomi isolates with a sparse mycelium growth habit.  
Four species of Phytophthora were tested for pathogenicity to American and 
Chinese chestnuts—P. cinnamomi, P. cambivora, P. heveae, and P. cryptogea. To fulfill 
Koch’s postulates, 3-month-old, open-pollinated American and Chinese chestnut 
seedlings were artificially inoculated by soil infestation using individual isolates of each 
species and periodic flooding. There was a significant amount of root rot caused by P. 
cinnamomi, P. cambivora, and P. cryptogea, and all species caused necrotic lesions on 
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the main tap root of American chestnut seedlings. P. cinnamomi was the only species that 
caused significant root rot on Chinese chestnut seedlings, but P. cambivora and P. 
cryptogea occasionally caused necrotic lesions on the main tap root of Chinese chestnut. 
Virulence of P. cinnamomi and P. cambivora was compared on 2- and 3-year-old 
American chestnut seedlings using inoculum treatments composed of isolates from 
different geographical locations and substrates; each treatment was a mixture of two, 
three, or four isolates of one species. P. cinnamomi was more virulent than P. cambivora 
based on lesion height on the main stem and amount of root rot. No differences were 
observed among isolate treatments within each species. Three treatments of P. 
cinnamomi produced significant lesions on the main stems of seedlings. P. cambivora did 
not consistently produce symptoms under the experimental conditions used in the 
virulence experiment. This is the first study to report multiple species of Phytophthora as 
pathogenic to American and backcross hybrid chestnuts. 
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CHAPTER 1 
LITERATURE REVIEW AND PROJECT PROPOSAL 
 
Background Information on Phytophthora species 
Classification. The genus Phytophthora is a member of the Oomycetes along 
with other plant pathogenic genera Aphanomyces, Albugo, Pythium, and several genera 
that cause downy mildews on plants (Cavalier-Smith 1986, Dick 2001, Thines et al. 
2009). Oomycetes are commonly referred to as fungus-like organisms even though they 
are not true fungi; water molds is another commonly used designation. They are more 
closely related to primitive plants like brown algae and diatoms and classified in the 
Kingdom Stramenopila or Chromista (Dick 2001, Erwin and Ribeiro 1996). Prior to this 
classification, they were grouped with true fungi because of similarities in morphology—
e.g., a vegetative state composed of hyphae—and obtaining nutrients through absorption. 
However, they have many unique characteristics that distinguish them from true fungi. 
The Oomycetes are classified differently than fungi due to their cell wall composition of 
cellulose and β-glucans instead of chitin, as well as being diploid instead of haploid in 
their vegetative state (Rossman and Palm 2006). They are also distinguished because they 
possess heterokont zoospores with two flagella and have tubular cristae in the 
mitochondria (Brasier and Hansen 1992).   
From 1876 up until 1999, about 55 species in the genus Phytophthora had been 
recognized (Brasier 2009, Ersek and Ribeiro 2010). Between 2000 and 2007, there was 
an additional 50+ species discovered and described (Brasier 2009). The genus  
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Phytophthora is now comprised of at least 155 species that have been described 
or proposed (Abad and Bienapfl 2016, Martin et al. 2012). The increase in species is due 
in large part to the extensive surveys in forests and natural ecosystems focused on the 
distribution and occurrence of exotic species (e.g., P. ramorum, P. kernoviae) as well as 
increased knowledge about phylogenetic relationships (Brasier 2009, Hansen et al. 2012). 
The number of species continues to increase with many of the newly described species 
coming from natural ecosystems (Brasier 2009, Hansen et al. 2012, Kroon et al. 2012). 
Many of these species are prominent plant pathogens known for their devastating effects 
in forests, agriculture, and the nursery industry. 
Biology. Information in this section was summarized from several references 
(Erwin and Ribeiro 1996, Fry and Grünwald 2010, Hardham 2005, Schumann and 
D’Arcy 2010, Zentmyer and Mircetich 1967).  Most species of Phytophthora can persist 
in the soil for many years and are disseminated by water, wind, or anything that can move 
infested soil or infected plants. Phytophthora species actively grow as threadlike 
filaments called hyphae during the vegetative state and typically develop four spore 
stages: zoospores, sporangia, chlamydospores, and oospores. The sporangium, borne on a 
stalk called a sporangiophore, is an asexual propagule that can germinate directly, to 
produce a germ tube, or indirectly, to produce zoospores, under appropriate nutritional 
and environmental conditions. Sporangia of Phytophthora spp. have a distinct apex called 
the papilla, and sporangia are characterized morphologically based on the prominence of 
papilla; sporangia can be papillate, semi-papillate, or non-papillate. Motile, biflagellate, 
and reniform-shaped zoospores can serve as the primary infective propagules and are 
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released through a pore in the sporangium produced when the papilla dissolves. 
Zoospores are capable of swimming for hours to find a suitable host on which they form 
a cyst that produces a germ tube and infective hyphae.  
Chlamydospores and oospores are survival propagules.  Chlamydospores are 
asexual, thick-walled resting spores produced under adverse conditions that act as short-
term survival structures, but not all species produce chlamydospores.  Oospores are 
sexual spores produced upon the fertilization of the oogonium by the antheridium—the 
female and male sexual structures, respectively. Species are classified as homothallic or 
heterothallic depending on if they are self-fertile or self-sterile, respectively. For 
homothallic species, a single isolate can complete a life cycle whereas heterothallic 
species require the interaction of two compatible isolates that have opposite mating types, 
designated A1 and A2, to complete a life cycle.   
Impact of Phytophthora spp. The discovery of this pathogen marked the 
beginning of the study of Plant Pathology. Anton de Bary, considered the Father of Plant 
Pathology, studied a disease called late blight of potato, which resulted in the Irish Potato 
Famine in the 1840s, and he eventually identified the causal agent as Phytophthora 
infestans, the first species in a newly erected genus in 1876 (Schumann and D’Arcy 
2010). The destruction caused by this pathogen caused poverty, starvation, and a mass 
emigration to the United States and other countries. Some of the most prominent, well-
known plant diseases around the world are attributed to species of Phytophthora, and 
these diseases affect plants of all types and in agricultural, landscaped, and natural 
ecosystems—including fruit, vegetable, and agronomic crops, woody and herbaceous 
4 
ornamental plants, as well as urban and forest trees (Erwin and Ribeiro 1996). Examples 
of some of these noteworthy diseases are jarrah dieback in the forests of Australia caused 
by P. cinnamomi, black pod disease of cacao caused by P. palmivora, Phytophthora root 
rot of soybean caused by P. sojae, sudden oak death caused by P. ramorum, and many 
more diseases that annually cause significant economical, agricultural, and ecological 
damage (Erwin and Ribeiro 1996, Hansen et al. 2012).  
Special attention should be given to the impact Phytophthora species have had in 
forest ecosystems. Phytophthora lateralis practically eliminated Port-Orford Cedar or 
Lawson’s cypress, Chamaecyparis lawsoniana, from the nursery industry and killed 10% 
of trees in its limited native range in the Pacific Northwest of North America (Hansen 
2015). Sudden oak death caused by P. ramorum is of extreme concern in California and 
Oregon where it is killing native oaks and tanoaks in coastal forests (Hansen 2015, Rizzo 
et al. 2002). Phytophthora cinnamomi is known to disturb forest ecosystems on several 
continents.  It has had devastating effects on the native eucalyptus forests of Western 
Australia—killing trees and many shrubs and herbaceous plants (Erwin and Ribeiro 1996, 
Hansen 2015, Weste 1974). Phytophthora cinnamomi is responsible for littleleaf disease 
on southern pines (Pinus spp.) and Phytophthora root rot on American chestnut in the 
southeastern US and decline of native oaks in Mexico (Crandall et al. 1945, Campbell 
and Coyle 2016, Tainter et al. 2000).  
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History of Phytophthora cinnamomi 
Origin. Phytophthora cinnamomi was formally reported and described in 1922 
causing stripe canker of cinnamon plants, Cinnamomum burmannii, in Sumatra and, at 
the time, the “cinnamon fungus” was assumed to be indigenous to the area (Zentmyer 
1980). Several dynamics must be considered to determine the center of origin of a 
heterothallic plant pathogen like P. cinnamomi: Resistance or immunity in native plant 
species over a long period of time, an approximately equal ratio of A1:A2 mating types, 
significant diversity in the population of the pathogen, and presence of the pathogen in 
remote, isolated areas that have not been disturbed by anthropogenic activities (Zentmyer 
1988). During the early history of P. cinnamomi, it was not reported to cause disease on 
native hosts in Asia—including plants from China, Korea, Japan, Vietnam, Laos, 
Cambodia, or Thailand.  Plants from these areas had been distributed to Europe and 
America over many years (Crandall and Gravatt 1967). Any records available revealed 
that plants indigenous to Asia were either immune or resistant to P. cinnamomi. 
However, by the 1960s, susceptible species of the same genera were found in these areas 
(Crandall and Gravatt 1967). Zentmyer conducted extensive research to determine the 
center of origin of P. cinnamomi and deduced it to be either somewhere in southeast 
Asia—i.e., Malaysia, Indonesia, New Guinea, northeastern Australia, or into Taiwan—
due to the A1:A2 ratio in populations of P. cinnamomi in these areas (Zentmyer 1980).  
Hosts. Phytophthora cinnamomi is an aggressive and virulent plant pathogen 
capable of infecting over 3,000 host plant species worldwide—including many forest 
trees and other woody plants (Hardham 2005, Zentmyer 1980). The understanding of its 
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wide distribution and potential for destruction developed slowly. During the early 1920s 
and 1930s, it was isolated worldwide from avocado, heather, pineapple, rhododendron, 
and chestnut. In the 1950s, it was isolated from a number of other hosts, but recognition 
as an emerging threat as a destructive plant pathogen was not until around 1970 
(Zentmyer 1980). Since its initial discovery, it has become well known worldwide as a 
devastating pathogen to agricultural crops, woody and herbaceous ornamentals, as well as 
forest tree species (Erwin and Ribeiro 1996, Hardham 2005, Zentmyer 1980). In fact, P. 
cinnamomi attacks more plant species than any other described species of Phytophthora 
(S. N. Jeffers, personal communication) and has the greatest record of ecological damage 
(Hansen 2015). 
Introduction to the US.  The earliest official reports of P. cinnamomi causing 
disease in the US are on hybrid rhododendron, chestnut, chinquapin, and pine. Diseased 
rhododendron with symptoms of wilting followed by death were first recognized prior to 
1927 in New Jersey (White 1937). However, it was not until 1930 that White made the 
first formal report of P. cinnamomi in the United States causing stem and fibrous root 
infection on several species of Rhododendron: R. ponticum and hybrid seedlings, R. 
carolineanum, and R. californicum grown in commercial nurseries, and it was deemed 
the most significant disease impacting juvenile rhododendrons in commercial nurseries 
(White 1937).  White (1937) was able to isolate P. cinnamomi from symptomatic plants 
coming into New Jersey from the “west coast”, and he speculated this disease probably 
existed in other parts of the country that had commercial production of rhododendrons. 
The pathogen was likely transported to all parts of the US where rhododendron were 
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commercially grown on infested or infected plant material (White 1937, Hoitink and 
Schmitthenner 1974).  
 Phytophthora cinnamomi has a long history of attacking broadleaf and coniferous 
hosts in the southeastern US.  In 1932, Millburn and Gravatt made a preliminary report of 
root rot on chestnut and chinquapin, and the causal agent was identified as P. cinnamomi 
by Tucker (1933). However, observations by citizens, botanists, and pathologists noticed 
chestnuts dying from unknown causes throughout its native range in the southeast prior to 
1850 (Letters from Anagnostakis, Anagnostakis 2012). Prior to 1935, a species of 
Phytophthora very similar to P. cinnamomi was identified causing a destructive root and 
collar rot on red pine, Pinus resinosa, in eastern forest nurseries (Jackson and Crandall 
1935). Siggers and Doak (1940) reported that a disease of shortleaf pines had been 
recognized by foresters and owners of timberland in southern states. Littleleaf disease on 
shortleaf pine (Pinus echinata), which is caused by P. cinnamomi, was widespread in 
Alabama, Georgia, and South Carolina by 1940 (Roth 1954). Dying chestnuts occurred in 
the same areas where shortleaf pine stands were severely affected, so this similar 
distribution of littleleaf disease and chestnut root rot suggested a common pathogen 
(Campbell 1951). In 2016, littleleaf disease remains a problem on several of the southern 
pine species throughout the Southeast (Campbell and Coyle 2016). The widespread 
distribution of this pathogen around the world in fields, forests, nurseries, and 
greenhouses is most likely attributed to the movement of infested or infected plants by 
people (Anagnostakis 2001, Erwin and Ribeiro 1996).  
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After P. cinnamomi was first identified in the United States, there was interest in 
its origin and how this pathogen was introduced.  The best assumption was that this 
oomycete plant pathogen was introduced to the United States in the early 1800s from the 
East Indies or Asia by trading ships coming to southern ports in the US. Exotic plants, 
imported for gardens of antebellum estates, easily could have been infected or infested 
with this pathogen, which then made its way inland (Crandall et al. 1945). Crandall and 
Gravatt (1967) proposed that for P. cinnamomi to have spread so extensively from its 
entry point of Savannah, GA or Mobile, AL it must have been introduced prior to 1830 
because the loss of the American chestnut trees in the southeastern US was well 
underway by this date.  
As part of a quest to determine Phycomycetes indigenous to forest soils in the 
eastern United States, soil samples were assayed from four old-growth stands in 
Kentucky, North Carolina, and Tennessee (Hendrix et al. 1971). In this study, only two 
species of Phytophthora were recovered, P. cinnamomi and P. heveae, and, since the 
samples were collected from undisturbed and remote sites, these authors thought that the 
two species might be indigenous in some parts of the eastern forest (Hendrix et al. 1971). 
Another theory was described that also proposed that P. cinnamomi had been present for 
numerous years prior to the first reports of diseased plants. Woods (1953) believed that 
this soil-inhabiting organism was naturally present but became pathogenic due to 
changing environmental conditions. However, neither of these two hypotheses seems to 
be very factual or accurate, particularly without evidence to rule out its introduction as an 
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exotic organism. Due to its pathogenicity to numerous native hosts in the United States, it 
is more likely that this pathogen was introduced and is not indigenous (Zentmyer 1980).  
 
Morphology of Phytophthora cinnamomi 
 This heterothallic species has a unique set of morphological characteristics that 
can be used for species identification. Phytophthora cinnamomi produces distinctive 
coralloid hyphae on many isolation media (personal observation; Erwin and Ribeiro 
1996, Zentmyer 1980). It also produces botryose, spherical hyphal swellings, and some of 
those become asexual chlamydospores that are believed to aid in survival. The sporangia 
of this species are non-papillate, non-deciduous, and internally proliferating. In addition, 
sporangia of this species usually are not very abundant in vitro (S. N. Jeffers, personal 
communication). 
Another fairly unique character is the production of two-celled, amphigynous 
antheridia that fertilize the oogonium. The A2 mating type of P. cinnamomi is distributed 
world-wide, and isolates of this mating type are capable of infecting a very wide host 
range. Whereas, those with the A1 mating type have a much more restricted host range 
and distribution (Erwin and Ribeiro 1996, Galindo and Zentmyer 1964, Zentmyer 1976, 
Zentmyer 1980). In the United States, as in many other countries, the population of P. 
cinnamomi is thought to be clonal and dominated by the A2 mating type; it is uncommon 
to find A1 isolates of this species (Duan 2008, Zentmyer 1976, 1980). The presence of 
the A1 mating type in a population of isolates of P. cinnamomi would indicate the 
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potential for a more diverse population and an even greater potential for disease 
development (Zentmyer 1976). 
In 1936, Mehrlich suggested that P. cinnamomi and the morphologically similar 
P. cambivora should be combined into a single species. However, Crandall and 
colleagues recognized the fallacy of this suggestion because the two pathogens have 
different host ranges and can be distinguished in culture with a trained eye (Crandall 
1950, Crandall et al. 1945). Others did not recognize the difference between these two 
species, and P. cinnamomi was probably the causal agent for diseases on hosts that Day 
(1938) attributed to P. cambivora—e.g., walnut, chestnut, and rhododendron. Early 
publications that state P. cambivora causes diseases on coniferous and broadleaf hosts, as 
well as causing rhododendron root rot, more than likely should be attributed to P. 
cinnamomi, a separate and distinct species (White 1937, Crandall 1936, Crandall 1950).  
 
Morphological and Genetic Diversity of Phytophthora cinnamomi 
Some studies have revealed differences in phenotypic characteristics including 
variation in growth rate, colony morphology, and oospore size, in addition to variation in 
pathogenicity and virulence (Haasis et al. 1964, Zentmyer 1980). In 1935, Ashby noted 
significant variation in oospore size between isolates from rhododendron and those from 
heather and chestnut (unpublished data reported in Zentmyer 1980). Morphological 
variation and growth rate variation have been observed within populations of isolates of 
the A2 mating type of P. cinnamomi (Schreier 2013, Zentmyer 1980). However, up until 
2013, there was no correlation between phenotypic characters and genotype. 
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Several studies have proven that isolates of P. cinnamomi can vary in virulence 
and that some isolates seem to express host specificity. This was illustrated in studies 
with Taxus, Rhododendron, and other broadleaf and coniferous evergreen trees using 
isolates of P. cinnamomi from various hosts as well as geographic locations. Due to this 
variation in virulence, several authors have suggested the existence of biotypes, strains, 
or races within P. cinnamomi (Crandall et al. 1945, Hoitink and Schmitthenner 1974, 
Manning and Crossan 1966). Zentmyer, in his 1980 monograph and review of the 
literature, agreed that P. cinnamomi can express host specificity. Isolates recovered from 
a particular host species will be more virulent on that host than on a different host 
species—particularly a host species from a different genus or plant family. Galindo and 
Zentmyer (1964) also observed differences in virulence of A1 and A2 isolates of P. 
cinnamomi on avocado; A2 isolates were more virulent compared to A1 isolates.   
Even though P. cinnamomi is predominantly a heterothallic species with both A1 
and A2 mating types, sexual recombination rarely occurs in nature due to the distribution 
of mating types, and even in the presence of both, genetic diversity occurs asexually 
(Hardham, 2005, Zentmyer 1980). Therefore, low levels of genetic variability exist 
among populations of P. cinnamomi (Eggers et al. 2012, Pagliaccia et al. 2013). Only a 
few clones of the A2 mating type have been distributed worldwide, and this compatibility 
type typically constitutes the majority of isolates. The A1 mating type is limited in 
geographic and host distribution (Zentmyer 1976, Zentmyer 1980). In the southeastern 
US, it has only been found on camellia and several other woody ornamental plants (Duan 
et al. 2008, Schreier 2013). 
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The ITS region of DNA is commonly used for species identification, but because 
there are some limitations to relying solely on this region, other regions, including cox1 
and 2, and β-tubulin, are useful for Oomycete species that are extremely similar (Blair et 
al. 2008, Cooke et al. 2000, Martin et al. 2012, Robideau et al. 2011, Schreier 2013). 
Schreier (2013) was the first to find significant correlations between genotypic and 
phenotypic characters in P. cinnamomi. He conducted phylogenetic analyses for over 140 
isolates of P. cinnamomi from ornamental plants in South Carolina using several loci 
from both mitochondrial and nuclear genes. In his study, he observed differences in 
mycelium growth habit and mating types proved to be genetically distinct at the rps10 
locus. Mating types also were discernable at the β-tub locus (Schreier 2013). 
 
Brief History of the American Chestnut, Castanea dentata 
A thorough account of the American chestnut tree was published in book form in 
2007 (Freinkel).  The American chestnut, Castanea dentata (Marsh.) Borkh., once 
dominated many forests in the eastern United States, particularly those of the 
Appalachian Highland Region. This species accounted for 25% of the hardwood forests 
within an 80 million-hectare range that extended from Maine to Mississippi at elevations 
between 300 and 1,200 meters (Ashe 1911, Buttrick 1925, Kuhlman 1978). American 
chestnut was a valuable tree used for its rot-resistant and durable timber, its edible, 
nutritious mast, and its high tannin content (primarily in the bark and wood) that was 
used in the leather industry (Emerson 1846, Freinkel 2007). Two major diseases almost 
eliminated the American chestnut tree from its extensive native habitat. Chestnut blight is 
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caused by Cryphonectria parasitica, and this devastating plant pathogen quickly spread 
from the original introduction site in New York to the north, south, east, and west—
leaving understory sprouts from once mature chestnut trees (Anagnostakis 2001, 2012, 
Merkel 1906, Russell 1987). Although there are not published records before 1900, 
scientists believe Phytophthora root rot, also known as ink disease, began killing trees in 
the early 1800s and was responsible for the demise of chestnut at lower elevations in the 
southeastern US (Anagnostakis 2012, Crandall 1950, Crandall et al. 1945, Freinkel 2007, 
Rumbold 1911). For over 80 years, only one species of Phytophthora has been reported 
as the causal agent of Phytophthora root rot on American chestnut—P. cinnamomi. 
As American chestnut trees began to die in northern states early in the 1900s, the 
fungus Cryphonectria parasitica and the disease it causes—chestnut blight, were 
considered by many to be responsible for the demise of American chestnut trees in the 
eastern US. During the summer of 1904, the fungus was first observed by Merkel (1906) 
in New York City at the Bronx Zoo. After observing the natural resistance exhibited by 
Asiatic chestnuts, the pathogen was traced back to Asian origin. Records indicated that 
there were several importations of Japanese chestnut trees from Japan that were widely 
distributed—to California, New York City, New Jersey, and Connecticut. These 
importations were most likely the primary source of Cryphonectria parasitica (Shear and 
Stevens 1916, Anagnostakis 2012). By 1950, over 80% of the American chestnuts in their 
natural range were affected by chestnut blight (Kuhlman 1978). There have been and 
currently are efforts being made to restore the American chestnut population in forests of 
the eastern United States through backcross breeding programs, using hypovirulent 
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strains of C. parasitica, and developing genetic engineering programs to develop trees 
with resistance to the chestnut blight fungus (Anagnostakis 2012, Andrade et al. 2009, 
Burnham 1988, Griffin 2000, Newhouse et al. 2014).  
 
Phytophthora Root Rot on Chestnut 
 Root disease on chestnut in Europe, which was known as ink disease, was 
recognized for many, many years but the causal agent was not identified until the early 
20th century. The occurrence of this disease on European chestnut, Castanea sativa, was 
recognized as early as 1726 in Spain (reported in Crandall 1950). The first report in 
Portugal was made in 1838, but it wasn’t until 1917 that Petri isolated and identified the 
causal organism that eventually was named Phytophthora cambivora (reported in 
Crandall 1950). For some length of time, pathologists in Europe reported P. cambivora as 
the only causal agent of ink disease on European chestnut even though P. cinnamomi had 
been reported in southern Europe and England (Crandall 1950, Day 1938).  
 Crandall (1950) summarized the Phytophthora root rot situation on chestnuts in 
Europe. Urquijo conducted cultural studies to compare the Spanish isolates of 
Phytophthora species from chestnut and walnut with a group of isolates identified as P. 
cambivora, which actually contained isolates of both P. cambivora and P. cinnamomi. He 
concluded that he had a large group of P. cinnamomi isolates and that chestnut root rot in 
Spain was actually caused by P. cinnamomi. After critical reviews of the host ranges, 
pathogenicity, cultural studies, and reports, it was determined that P. cinnamomi was the 
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more aggressive pathogen to chestnut in Spain, Portugal, France, Italy, and other places 
in southern Europe.  
More recently in Italy, multiple species of Phytophthora were recovered from 
European chestnut trees in orchards (Vettraino et al. 2001). P. cinnamomi was not 
recovered in this study, but P. cambivora was isolated more frequently than three other 
species in samples collected from trees and soils in these orchards. In subsequent 
pathogenicity tests, P. cambivora was the most virulent species, but P. cactorum and P. 
citricola proved to be capable of causing root rot on European chestnut seedlings 
(Vettraino et al. 2001). In a follow-up survey for occurrence and distribution of 
Phytophthora species in chestnut growing regions in five European countries, seven 
species were detected, but P. cambivora and P. cinnamomi were the only ones isolated 
from symptomatic trees (Vettraino 2005). 
The first disease of the American chestnut for which records are present is 
Phytophthora root rot. The first possible record of Phytophthora root rot was in 1825 
when Alleghany chinquapin, a close relative of the American chestnut in the genus 
Castanea, died after a heavy rainfall that resulted in saturated soils (Anagnostakis 2001, 
2012, Crandall et al. 1945). Additional records of eye-witness observations of dying 
chestnuts in the southeast region date to ca. 1850. In 1856, during a survey in 
northeastern Mississippi, young and old chestnuts were found dead (Crandall and 
Gravatt, 1967, Rumbold 1911). In 1896, there were reports of decline of Castanea 
dentata over a wide range of the southern United States (reported in Anagnostakis 2001).  
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This “recession” of the American chestnut tree seemed to have been largely 
overlooked and was not acknowledged until after work with chestnut blight began, 
probably because forest science was in its infancy in the United States. Even though very 
early records of root rot symptoms on American chestnut trees exist, the first documented 
proof of disease was not until after research on chestnut blight had begun. Investigations 
into mortality of and disease on American chestnut trees in the early 1900s assumed that 
mature trees, as well as seedlings, dying at lower elevations where blight did not occur 
were due to Armillaria root rot, forest fires, high water tables, heavy soils, and other 
causes; however, extensive studies were not conducted to confirm these diagnoses 
(Crandall et al. 1945). Once improved techniques were available for isolation and 
culturing of Phytophthora spp., researchers were able to more readily recover these 
pathogens (Crandall et al. 1945). Milburn and Gravatt (1932) noted that it was highly 
likely that Phytophthora root rot and its causal agent were widespread in the southern 
states and had been present for many years. In fact, they speculated that the “dying and 
recession” of American chestnut trees at lower elevations from Maryland to Mississippi 
over the previous 100 years may have been due to Phytophthora root rot and not to other 
factors (Milburn and Gravatt 1932).   
Milburn and Gravatt made the first report of Phytophthora root rot on American 
chestnuts in 1932 based on isolation of a species of Phytophthora from blackened roots 
of dying trees in three southeastern states: Georgia, South Carolina, and Tennessee. They 
isolated the same pathogen from roots of dying chinquapin trees (Castanea pumila), 
which had been reported to be dying from unknown causes as early as 1824. The 
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“American Phytophthora”, as they called the pathogen, was tentatively identified as P. 
cambivora based on its morphological similarities with the description of P. cambivora 
causing ink disease on European chestnuts. Between 1932 and 1945, further studies were 
conducted to confirm the identity of the species of Phytophthora attacking chestnuts and 
chinquapin trees and to understand its role in the ecosystem. The species tentatively 
identified as P. cambivora in 1932 (Milburn and Gravatt) was confirmed to be P. 
cinnamomi when subcultures were examined by C.M. Tucker in 1933. Only P. 
cinnamomi was listed as causing Phytophthora root rot on American chestnut in 
subsequent publications (Crandall 1950, Crandall et al. 1945). In 1945, Crandall, Gravatt, 
and Ryan stated that they never found P. cambivora associated with root rot of American 
chestnut trees, and, to this day, only P. cinnamomi has been reported to cause root rot on 
this native American tree species. Unfortunately, some publications erroneously still list 
P. cambivora as a pathogen of American chestnut, C. dentata, and chinquapin, C. pumila, 
based on the original report and tentative identification by Milburn and Gravatt in 1932 
(e.g., Erwin and Ribeiro 1996, Farr and Rossman 2017). Currently, the widespread 
distribution of P. cinnamomi in the soils of southeastern forests of the Appalachian 
Highland Region is adversely affecting efforts to reintroduce the highly susceptible 
American chestnut tree and chestnuts bred for blight resistance (Clark et al. 2014, 2016, 
Pinchot 2017).      
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Project Proposal  
The overall goals of this project were (i) to identify and characterize the species of 
Phytophthora associated with American, Chinese (C. mollissima Blume), and backcross 
hybrid chestnut seedlings planted in USDA Forest Service (USFS) research plots in three 
southeastern states to determine if species other than P. cinnamomi were present and (ii) 
to evaluate the pathogenicity of the species recovered to American chestnut. Isolates of 
Phytophthora spp. were collected between 2010 and 2014 from various sites in North 
Carolina, Tennessee, and Virginia in collaboration with Dr. Stacy Clark—USDA Forest 
Service Southern Research Station, University of Tennessee—Knoxville. The majority of 
the isolates were recovered from American and backcross hybrid chestnut seedlings 
being evaluated in reintroduction trials in three National Forests where Dr. Clark was 
evaluating these seedlings under forest growing conditions. In addition, a set of isolates 
was collected in 2011 from a tree nursery in western Virginia where backcross hybrid 
chestnut seedlings with root rot symptoms were being grown by the American Chestnut 
Foundation to plant in forest test plots, and several isolates also were collected from a 
farm in Oconee Co., South Carolina, where backcross hybrid chestnut seedlings are 
screened annually for resistance to Phytophthora root rot by Dr. Jeffers and our lab group 
at Clemson University. Hybrid seedlings (BC1F3, BC2F3, BC3F2, and BC3F3) were 
produced from the backcross breeding program of the American Chestnut Foundation 
(TACF), Chinese chestnut seedlings were from controlled pollinations from mother trees 
in TACF orchards, and American chestnut seedlings were from TACF collections from 
wild populations.  
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The first objective of the project was to identify and characterize all isolates of 
Phytophthora spp. collected from chestnut seedlings that exhibited symptoms of root rot 
or that recently had died. These isolates were evaluated for morphological and 
physiological characters and compared with species identifications and descriptions 
published in the literature. Mycelium growth habit, mefenoxam sensitivity, mating type, 
oospore diameter, and sporangium production were assessed. Tentative identifications 
based on morphology were confirmed by sequencing the internal transcribed spacer (ITS) 
region of ribosomal DNA (rDNA). For isolates with ambiguous sequences or 
morphological characters, the cytochrome oxidase 1 (cox1) region of mitochondrial DNA 
was also sequenced. For morphological variation based on mycelium growth habit of the 
population, the ribosomal protein S10 (rps10) gene was sequenced due to prior research 
in our laboratory that found a correlation between phenotypic variation and genotypic 
variation in this locus.  
The second objective of this project was to determine pathogenicity of species of 
Phytophthora that were found on symptomatic American and Chinese chestnut seedlings 
collected in the field on following Koch’s Postulates. Pathogenicity of each species of 
Phytophthora to both host plants was determined using artificial soil infestation in 
greenhouse trials and was based on root rot severity and incidence of lesions on the main 
tap root. Virulence also was evaluated to quantitatively compare the ability of isolates of 
P. cinnamomi and P. cambivora from different substrates and different geographical 
locations to cause disease on American chestnut seedlings. Lesion height up the main 
stem, root rot severity, and survival time were used the determine differences in virulence 
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among inoculum treatments composed of mixtures of isolates of P. cinnamomi and P. 
cambivora. 
This was a very important project to undertake because only one species of 
Phytophthora, i.e. P. cinnamomi, has been reported as the causal agent of Phytophthora 
root rot on American chestnut since the disease was first reported in 1932. Therefore, if 
additional species are found causing this disease, this will be the first report in 85 years to 
document that additional species of Phytophthora are associated with root rot of 
American chestnut. This chapter provided an overview of the introduction of P. 
cinnamomi into the United States and its role in southeastern forests, with an emphasis on 
its destruction of the American chestnut in its native range. Morphological, physiological, 
and molecular characters of the isolates and species recovered are presented in Chapter 2. 
Chapter 3 follows with the pathogenicity test to American and Chinese chestnut seedlings 
by all species recovered in Chapter 2 and tests of virulence to American chestnut 
seedlings by different inoculum treatments composed of isolates of P. cinnamomi and P. 
cambivora.  
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CHAPTER 2 
ISOLATION AND IDENTIFICATION OF PHYTOPHTHORA SPECIES 
ASSOCIATED WITH AMERICAN, CHINESE, AND BACKCROSS HYBRID 
CHESTNUT SEEDLINGS IN THE SOUTHEASTERN UNITED STATES 
 
Abstract 
Five species of Phytophthora—P. cinnamomi, P. cambivora, P. heveae, P. quercetorum, 
and P. cryptogea—were recovered from diseased roots of and soils associated with 
American, Chinese, and backcross hybrid chestnut seedlings planted in the southeastern 
United States at six forest reintroduction trials on National Forests, a commercial tree 
nursery in Virginia, and an open field site in South Carolina. A total of 271 root and 353 
soil samples were collected and assayed from recently dead or symptomatic trees from 
2010 to 2014. All isolates of the five species of Phytophthora tentatively were identified 
based on morphology, and species identifications were confirmed by sequencing the 
internal transcribed spacer region of ribosomal DNA. P. cinnamomi was recovered most 
frequently—from 17% of root and 34% of soil samples. However, P. cambivora and P. 
heveae also were recovered—from 10% and 1% of root samples and 9% and 5% of soil 
samples, respectively. Nine of the isolates of P. cambivora were from roots of and soils 
associated with backcross hybrid chestnut seedlings growing in the commercial tree 
nursery.  Phytophthora quercetorum was recovered from soil at one of the National 
Forest sites, and P. cryptogea was isolated from roots of five backcross hybrid chestnut 
seedlings at the field site in South Carolina. Three mycelium growth habits were 
28 
identified when isolates of P. cinnamomi were grown on PARPH-V8 selective medium. 
All 165 isolates of P. cinnamomi were mating type A2, but both mating types were 
present in the population of isolates of P. cambivora.  Isolates of all species recovered at 
the National Forest and South Carolina sites were sensitive to the fungicide mefenoxam 
at 100 ppm, but two isolates of P. cambivora from the nursery site were insensitive to this 
fungicide. The cytochrome oxidase subunit 1 (cox1) locus was sequenced for 53 isolates 
of P. cambivora, and all sequences were similar.  A single nucleotide polymorphism 
(SNP) was observed in sequences of the rps10 gene for a small subset of P. cinnamomi 
isolates. This is the first report of Phytophthora species other than P. cinnamomi 
associated with Phytophthora root rot of American and backcross hybrid chestnut 
seedlings. 
 
Introduction 
Phytophthora root rot on American chestnut [Castanea dentata (Marsh.) Borkh.] 
was first described in 1932 in a preliminary report, and the causal agent was tentatively 
but erroneously identified as P. cambivora (Petri) Buisman (Milburn and Gravatt 1932). 
Soon thereafter, the species of Phytophthora attacking American chestnut trees was 
confirmed to be P. cinnamomi when subcultures were examined by C. M. Tucker (1933). 
Only P. cinnamomi was listed as causing Phytophthora root rot on American chestnut in 
subsequent studies on this disease (Crandall 1950, Crandall et al. 1945), and the authors 
of these papers stated that they never found P. cambivora associated with root rot of 
American chestnut trees. Therefore, only P. cinnamomi has been reported to cause root 
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rot on this native American tree species. Unfortunately, the original report in which the 
causal agent was misidentified as P. cambivora has been cited to incorrectly document P. 
cambivora as a pathogen of American chestnut in several reviews and host lists (e.g., 
Erwin and Ribeiro 1996, Farr and Rossman 2017).   
Phytophthora cinnamomi was probably impacting chestnuts and related species in 
the forests of the southeastern United States in the early to mid-1800s according to 
historical accounts—long before chestnut blight was reported in the United States. For 
example, in 1825, Alleghany chinquapin trees (Castanea pumila), a close relative of the 
chestnut, died after a heavy rainfall that caused saturated soils, and records of dying 
chestnuts in the southeast region, based on eye-witness observations, date back to around 
1850 (Anagnostakis 2001). In 1856, during a survey in northeastern Mississippi, young 
and old chestnut trees were found dead, suggesting that P. cinnamomi was active at this 
point in time (Crandall and Gravatt 1967, Rumbold 1911). When research on chestnut 
blight started in 1912, death of chestnut trees due to causes other than blight was difficult 
to recognize (Crandall et al. 1945, Milburn and Gravatt 1932).  Cases of trees dying at 
lower elevations where blight did not occur were thought to have been from Armillaria 
root rot, forest fires, high water tables, heavy soils, and other causes; however, extensive 
studies were not conducted to confirm these diagnoses (Crandall et al. 1945). Milburn 
and Gravatt (1932) noted that Phytophthora root rot was the probable cause of 
widespread mortality in the southern states and had been present for many years. In fact, 
they speculated that the “dying and recession” of American chestnut trees at lower 
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elevations from Maryland to Mississippi over the previous 100 years may have been due 
to Phytophthora root rot (Milburn and Gravatt 1932). 
The introduction and dispersal of P. cinnamomi into the forests of the 
southeastern United States has had devastating effects on many important tree species, in 
addition to those in the genera of Castanea. A broad range of broadleaf and coniferous 
hosts were dying from root rot in several regions of the US, including southeastern states, 
during a 4-year survey (Crandall et al. 1936).  In the early 1930s, a species of 
Phytophthora very similar to P. cinnamomi caused a destructive root and collar rot on red 
pine, Pinus resinosa, in forest nurseries in the southeastern US (Jackson and Crandall 
1935). Littleleaf disease on shortleaf pine (Pinus echinata), which is caused by P. 
cinnamomi, was widespread in Alabama, Georgia, and South Carolina by 1940 (Roth 
1954), and this disease continues to be a problem on several southern pine species in 
forests throughout the Southeast (Campbell and Coyle 2016).  Studies on littleleaf disease 
demonstrated that this pathogen was widely distributed in forest soils in the Blue Ridge 
Mountains, Piedmont, and the Gulf Coastal Plain of several southern states (Campbell et 
al. 1963).  In the mountains of western North Carolina, P. cinnamomi causes root rot on 
Fraser fir grown as Christmas trees (Benson and Grand 2000, Grand and Lapp 1974), and 
research reported by Meadows et al. (2011) documented the widespread distribution of P. 
cinnamomi in soils at a forest site. 
Soon after chestnut blight started killing American chestnut trees in the US, 
breeding programs were begun to mitigate this devastating disease, but they were largely 
unsuccessful until a backcross breeding method was adopted (Burnham et al. 1986, 
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Hebard 2005, Anagnostakis 2012). The American Chestnut Foundation has utilized 
backcross breeding methods to develop [American × Chinese] × American hybrid 
chestnut trees that putatively will exhibit desirable phenotypic traits of the American 
chestnut and resistant genes of the Chinese chestnut (Hebard 2005). Since the early 
2000s, progeny from backcross generation mother trees have been planted at test sites in 
the eastern US to evaluate these plants under field and forest growing conditions.  
However, the widespread distribution of P. cinnamomi in forest soils in the southern 
United States have affected efforts to establish backcross hybrid chestnut trees in 
experimental field plots (Clark et al. 2014a, 2014b, Pinchot et al. 2017, Rhoades et al. 
2003).   
In Europe, Phytophthora root rot, also known as ink disease, was reported on 
native chestnut trees (i.e., sweet chestnut, Castanea sativa) before this disease was found 
in the United States (reviewed by Crandall et al. 1945; Day 1938,). The causal agent was 
identified as P. cambivora, but later P. cinnamomi also was found to be a primary 
pathogen causing this disease (Day 1938, Crandall 1950).  Currently, seven species of 
Phytophthora are reported to be associated with Phytophthora root rot on chestnut trees 
in Europe, but P. cinnamomi and P. cambivora are considered to be the most dominant 
and virulent species to sweet chestnut (Vannini and Vettraino 2001, Vettraino et al.2005). 
More species than P. cinnamomi might be involved in Phytophthora root rot on American 
chestnut, but in-depth studies have not been conducted since the mid-1940s. 
Consequently, the objective of this study was to identify and characterize the species of 
Phytophthora associated with dying and symptomatic American, Chinese, and backcross 
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hybrid chestnut seedlings bred for blight resistance that were planted in forest and field 
sites or growing in a commercial tree nursery in the southeastern United States. A 
preliminary report has been published (Sharpe et al. 2016).  
 
Methods and Materials 
Isolation of Phytophthora spp.  Plant and soil samples were collected between 
2010 and 2014 in six reintroduction trials established in three National Forests of the 
United States Department of Agriculture Forest Service (USFS) located in three 
southeastern states—North Carolina, Tennessee, and Virginia (Clark et al. 2014b). USFS 
sites were planted with American (Castanea dentata), Chinese (C. mollissima), and 
backcross hybrid (BC1F3, BC2F3, BC2F3, and BC3F3) ([American × Chinese] × American) 
chestnut seedlings. Plant samples from wilted, yellowing trees or trees that recently had 
died and soil samples (approximately 1 liter) from the top 15 to 20 cm directly below 
planted seedlings were collected. Samples were collected in 2011 from two additional 
locations: Plant and soil samples were collected from backcross hybrid chestnut seedlings 
growing in an open field at a commercial tree nursery in western Virginia, and root 
samples were collected from a test planting of backcross hybrid chestnut seedlings on 
private land in northwestern South Carolina. To isolate Phytophthora spp. from plants, 
small pieces of tissue from necrotic lesions on roots and lower stem sections were 
embedded in PARPH-V8A selective medium (Jeffers 2015b), and isolation plates were 
placed at 20°C in the dark for 3 to 7 days and observed daily for colonies of 
Phytophthora spp.  Single hyphae of suspected colonies were transferred to fresh 
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PARPH-V8A and then to 5% clarified V8 juice agar (cV8A; Jeffers 2015c) to check for 
contamination and obtain axenic cultures. To recover Phytophthora spp. from soil 
samples, a standard baiting bioassay was used (Ferguson and Jeffers 1999, Meadows et 
al. 2011); briefly, 100 ml of soil was flooded with 200 ml of distilled water in a 400-ml 
plastic container and camellia leaf disks (5 mm in diameter) and rhododendron leaf 
pieces (5 × 5 mm) were floated on the surface for 3 days at room temperature (22 to 
25°C). Leaf pieces were moved to PARPH-V8A and then cV8A to isolate axenic cultures 
of Phytophthora spp.  
Isolates of Phytophthora spp.  All isolates recovered in this study were 
maintained as part of a permanent culture collection in the laboratory of S. N. Jeffers at 
Clemson University. Isolates were stored on corn meal agar (CMA; CRITERION 
Dehydrated Culture Media; Hardy Diagnostics, Santa Maria, CA) or cV8A in 8-ml 
borosilicate glass vials at 15℃ in the dark. Isolates were transferred to PAR-V8A 
selective medium (Jeffers 2015b) to obtain actively growing colonies for all experiments.  
Isolates were identified and characterized using a combination of morphological, 
physiological, and molecular characters, but not all characters were determined for every 
isolate. Only the characters that were unique to a species and, therefore, were useful to 
confirm species identification were evaluated. Morphological and physiological 
characters examined included both sexual and asexual structures, mycelium growth habit, 
mating type, and sensitivity to the fungicide mefenoxam. These characters were 
compared to those in published descriptions of established species (Erwin and Ribeiro 
1996, Gallegly and Hong 2008).  For molecular characters, the internal transcribed spacer 
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(ITS) region of nuclear ribosomal DNA was sequenced for all isolates, and the 
mitochondrial cytochrome oxidase (cox1) spacer region and ribosomal protein S10 
(rps10) gene also were sequenced for some isolates. These sequences were compared to 
sequences deposited in established databases—see below.  
Mycelium Growth on PARPH-V8A.  For each isolate, a 4-mm agar plug was 
transferred to the center of a 100-mm-diameter plate of PARPH-V8A selective medium. 
These cultures were incubated at 20℃ in the dark for 7 days; then colony morphology 
was examined macroscopically, and presence of distinguishing characters associated with 
hyphae (e.g., swellings, chlamydospores) in the agar were examined microscopically (20 
to 70×). Colony morphology and hypha characters on PARPH-V8 were evaluated in two 
independent trials. 
Sporangium Production. Isolates were grown on cV8A for 3 days at 20℃ in the 
dark. Three 3-mm plugs were taken from the actively growing mycelium at the edge of a 
colony and placed in a 60-mm-diameter disposable petri dish. The plugs were flooded 
with 8-ml of 1.5% non-sterile soil-extract solution (NS-SES; Jeffers 2015a) and placed 
under continuous fluorescent light for 24 h. Each plug was handled and treated 
independently. Plugs were observed microscopically (30 to 70×) after 24 h, and the 
number of sporangia produced around the perimeter of each plug was counted. The mean 
number of sporangia produced by an isolate was calculated using the independent counts 
from the three plugs. Isolates that produced greater than 100 sporangia per plug were too 
numerous to count, so the number of sporangia was recorded as 100. The average number 
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of sporangia produced by a species was calculated from the individual isolate means, and 
this value is reported. 
Oospore Production.  Homothallic isolates produced oospores on PARPH-V8A; 
so, isolates that did not form oospores on this medium were assumed to be heterothallic. 
For isolates presumed to be heterothallic, oospores were produced by growing isolates in 
48-well suspension culture plates (Cellstar Cat. No. 677102; VWR, Radnor, PA) with 0.5 
ml of super V8 agar (sV8A; Jeffers 2015d) in each well. Each isolate was paired with 
standard A1 and A2 isolates of at least one species of Phytophthora to produce oospores 
and determine mating type. These standard isolates are listed in Table 2.1 and have been 
verified in previous studies (Duan et al. 2008, Jeffers and Aldwinckle 1988, Saavedra et 
al. 2007, Schreier 2013). Three independent colonies were grown on cV8A for 3 days at 
20°C in the dark, and then individual plugs from each colony were paired in separate 
wells with standard A1 and A2 isolates of the appropriate species. Paired cultures were 
incubated for 2 to 4 weeks at 25°C in the dark.  
Oospore formation was observed microscopically (40 to 200×) using an inverted 
microscope. The mating type of each isolate was determined based on its compatibility 
with a standard isolate—i.e., if oospores formed when paired with the known A1 isolate, 
it was designated mating type A2; if oospores formed when paired with the known A2 
isolate, it was designated mating type A1. The diameter of the oospores and the presence 
of 2-celled antheridia were determined for representative isolates of P. cinnamomi and P. 
cambivora. Twenty-five oospores for each isolate were measured microscopically (200 to 
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400×), and mean oospore diameters were calculated. Antheridia associated with these 
oospores were examined to determine cell number. 
Mefenoxam Sensitivity.  All isolates were evaluated for sensitivity to 100 ppm 
mefenoxam using a standard assay that utilized 48-well suspension culture plates and 
cV8A amended or not amended with the fungicide (Olsen et al. 2013). Three independent 
colonies of each isolate were grown on cV8A for 3 days at 20℃ in the dark. Two plugs 
were removed from each colony; one plug was placed in the center of a well containing 
amended medium, and the other plug was placed in a well containing non-amended 
medium. Culture plates were placed at 25℃ in the dark for 3 days. 
Individual wells were observed both macroscopically and microscopically (10 to 
70×). For each colony, mycelium growth in the amended well was compared to growth in 
the non-amended well, and growth in the amended well was evaluated using a 0 to 5 
scale (Olsen et al. 2013): 0 = no growth; 1 = a few hyphae growing from the plug and 
visible only microscopically; 2 = uniform growth of hyphae around the plug visible only 
microscopically; 3 = uniform mycelium growth around plug just visible macroscopically; 
4 = mycelium growth visible macroscopically but less than that in the non-amended well; 
and 5 = mycelium growth visible macroscopically and similar to that in the non-amended 
well. The mean score of the three independent evaluations on amended medium was 
calculated for each isolate. A mean growth score ≥ 4 indicated insensitivity to 
mefenoxam. 
DNA Extraction.  Plugs from actively growing colonies were transferred to 
cV8A, and mycelia grew for 3 days at 20℃ in the dark. Then a 5-mm plug from the 
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advancing margin of a colony was placed in a 60-mm-diameter disposable petri dish and 
covered with 5 ml of clarified V8 juice broth (cV8B: Jeffers 2015c). Mycelium mats 
formed after 4 to 5 days at 25℃ in the dark. The mats were collected by vacuum 
filtration, rinsed with distilled water, and stored in 1.5-ml microcentrifuge tubes at -8℃. 
The DNeasy Plant Mini Kit (Qiagen, Germantown, MD) was used to extract 
DNA. Microcentrifuge tubes containing mycelium mats were filled two-thirds full with 
0.5- mm- diameter glass beads along with 400 µl of buffer AP1. Using a Mini 
Beadbeater-8 (Biospec Products, Inc., Bartlesville, OK), the tubes were agitated for 1.5 
min; then 4 µl of RNase A was added, and tubes were vortexed for 1 min. Tubes were 
held at 65℃ for 10 min while cautiously inverting them every 3 min, and then 130 µl of 
Buffer AP2 was added to each tube. Tubes were placed on ice for at least 5 min. The 
samples were centrifuged at 13,500 rpm, and the supernatant was recovered on a 
QIAshredder Mini Spin Column. The rest of the steps were conducted as outlined in the 
handbook for the DNeasy Plant Mini Kit. Total DNA samples were stored at -8˚C until 
used for sequencing.  
DNA Sequencing and Analysis.  For ITS sequencing, ITS regions 1 and 2 were 
amplified using genus specific primers: ITS6 (5’- GAAGGTGAAGTCGTAACAAGG- 
3’) and ITS4 (5’- TCCTCCGCTTATTGATATGC- 3’) (Cooke et al. 2000, White et al. 
1990). The total reaction mixture for each sample was made using the following 
ingredients: 17 µl of double-distilled water, 2.5 µl of 1 mM dNTP mixture (Invitrogen, 
Carlsbad, CA), 1 µl of 50 mM MgCl2, 0.5 µl each of 25 µM ITS4 and ITS6 primers, 0.25 
µl of Platinum Taq Green Hot Start Polymerase (Invitrogen, Carlsbad, CA), and 1 µl of 
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template DNA. The reaction was conducted in a T1 Thermocycler (Biometra®, 
Göttingen, Germany): 94℃ for 3 min, followed by 35 cycles of 55℃ for 30 sec, 72℃ for 
1.5 min, 94℃ for 30 sec, and a final extension step for 10 min at 72℃. Samples were 
cooled and stored at -8℃.  
For 53 isolates of P. cambivora–48 forest test plot isolates, 4 nursery isolates, and 
one standard (NY.114)—the cox1 gene was sequenced as an additional region for species 
identification using primers cox1F (5’-TCCGTAGGTGAACCTGCGG-3’) and cox1R 
(5’-TCCTCCGCTTATTGATATGC-3’) (Martin et al. 2007). The T1 Thermocycler was 
used to complete the PCR reaction: 94°C for 3 min, followed by 35 cycles of annealing at 
47˚C for 1 min, 72°C for 1.5 min, and 94°C for 1 min. The final elongation step was 
carried out at 72°C for 5 min. Samples were cooled immediately to 4°C and stored at -
8°C until additional steps were conducted. 
The rps10 gene was sequenced for 65 isolates of P. cinnamomi to distinguish 
genetic variation between isolates that had different mycelium growth habits (Schreier 
2013, Martin et al. 2007). These primers were used to sequence this region: rps10F (5’-
GTATACTCTAACCAACTGAGT-3’) and rps10R (5’-
GTTGGTTAGAGTAAAAGACT-3’). The PCR reaction cycle was the same as 
conducted for cox1, with an annealing temperature of 59°C.  
Products from all amplification reactions were purified using ExoSAP-IT 
(Affymetrix, Inc., Cleveland, OH). A volume of 2 µl of ExoSAP-IT was combined with 5 
µl of the amplification product. The mixture was held at 37°C for 15 min and then heated 
to 80°C for 15 min. The cleaned reaction product was divided into two 3.5-µl aliquots, 
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and 0.5 µl of 2 µM of the forward and reverse primers each were added to a tube. All 
sequencing reactions were conducted at the Clemson University Genomics Institute. 
Geneious 9.1.6 (Biomatters Ltd., Auckland, New Zealand, Kearse et al. 2012) was used 
to trim, edit, and assemble consensus sequences using the forward and reverse sequences. 
Consensus sequences for each isolate were used to confirm species identity by a BLAST 
search in the Phytophthora-ID database (ver. 2.0) at Oregon State University (Grünwald 
et al. 2011). The consensus sequences of selected isolates also were compared to the 
sequences of ex-holotype isolates for known species that are deposited in GenBank 
(Robideau et al. 2004); accession numbers of ex-holotype isolates (Table 2.1) were 
provided by J. Bienapfl and G. Abad at USDA-APHIS-PPQ (personal communication; 
Abad and Bienapfl 2016). Some manual adjustments of the alignments were made when 
necessary, and all phylogenetic analyses were conducted separately with sequence data 
for each region using the Tamura-Nei model and the neighbor joining method in 
Geneious.  
 
Results 
Incidence of Phytophthora spp.  Five species of Phytophthora were recovered 
from the 624 root and soil samples associated with American, Chinese, and backcross 
hybrid chestnut seedlings growing in field locations in four southeastern states: P. 
cinnamomi, P. cambivora, P. heveae, P. quercetorum, and P. cryptogea (Table 2.2). 
Successful isolation of Phytophthora spp. occurred in 29% of all root samples and in 
48% of all soil samples. Four species were recovered from 610 samples that were 
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collected in the forest test plots in North Carolina, Tennessee, and Virginia.  P. 
cinnamomi was recovered most frequently and occurred in all six forest sites (Table 2.2); 
however, it was not recovered from samples collected at the Virginia nursery and already 
was known to be widely occurring in soil at the South Carolina field site (Jeffers et al. 
2009).  This species was present in 17% (45/271) of root samples from all sites and 
accounted for 57% (45/79) of all isolates recovered from root samples.  It also was 
detected in and 34% (120/353) of all soil samples and accounted for 71% (120/168) of all 
isolates recovered from soil samples.  
Isolates of P. cambivora were recovered from samples collected at four of six 
USFS forest sites and in all three of the states where forest sites were located (Table 2.2). 
In addition, nine isolates—three from roots and six from soil—were recovered from 
samples associated with backcross hybrid chestnut seedlings growing in a nursery in 
western Virginia. This was the second most frequent species recovered in this study. It 
was found in 10% (27/271) of all root samples and 9% (31/353) of all soil samples, and 
isolates of P. cambivora accounted for 34% (27/79) and 18% (31/168) of all root and 
soil, respectively, isolates recovered.   
Eighteen isolates of P. heveae were recovered from the USFS forest site in 
Graham, NC—two from roots and 16 from soil—and one isolate of P. quercetorum was 
recovered from a soil sample collected at the forest site in Wise, VA. Phytophthora 
cryptogea was recovered from diseased roots on five dying backcross hybrid chestnut 
seedlings growing in the field site in northwestern South Carolina.  All five isolates 
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appeared similar in culture, so one of these isolates (Isolate no. D4-27-124) was selected 
as representative and was characterized. 
Morphological and Physiological Characters of Phytophthora spp.  A total of 
234 isolates of the five species of Phytophthora were examined for morphological and 
physiological characters; 233 isolates of the four species recovered from samples at the 
forest sites (Table 2.3) and one representative isolate of P. cryptogea. Initially, colonies 
of all isolates were evaluated for mycelium growth habit on PARPH-V8A. Colonies on 
this medium were separated into three relatively distinct groups based on macroscopic 
observation: Aerial, appressed, and sparse (Figure 1). Colonies with an aerial growth 
habit had dense hyphae within and 5 to 10 mm above the surface of the agar, and 
mycelium grew to the edge of the plate. Colonies with the appressed growth habit 
produced dense mycelium only within the agar, with little to no growth of hyphae above 
the surface. The mycelium of these colonies also grew to the edge of the plate. Isolates 
with the sparse growth habit produced mycelium that was much less dense overall—
particularly within the agar; mycelium initially grew as an aerial tuft 10 to 30 mm in 
diameter around the initial agar plug but then became appressed. The growth rate for 
these colonies was less than those for aerial and appressed colonies because mycelia did 
not grow to the edge of the agar after 7 days at 20℃. 
In all, 165 isolates of P. cinnamomi were examined for morphological and 
physiological characteristics (Table 2.3). All isolates produced typical coralloid mycelia 
with botryose hyphal swellings and chlamydospores (Erwin and Ribeiro 1996, Zentmyer 
1980). Isolates with the aerial and sparse mycelium growth habit produced hyphal 
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swellings abundantly throughout the culture whereas isolates with the appressed growth 
habit produced hyphal swellings primarily around the initiating plug in the center of the 
culture. All isolates of P. cinnamomi were heterothallic and mating type A2. Mean 
oospore diameter for 37 arbitrarily selected isolates was 32 μm and both one- and two-
celled antheridia were observed. Sporangia from all isolates were non-papillate and 
internally proliferating, and sporangia production was low with an average of 12.5 
sporangia produced around the perimeter of an agar plug. All isolates of P. cinnamomi 
were very sensitive to the fungicide mefenoxam at 100 ppm.  
A total of 49 isolates of P. cambivora were recovered from root and soil samples 
collected at the six forest sites, and all of these were characterized (Table 2.3).  All 
isolates produced hyphae that were coralloid with distinctive swollen portions. Hyphae of 
this species appeared similar to hyphae of P. cinnamomi but lacked botryose hyphal 
swellings and chlamydospores. Two distinct mycelium growth habits were observed in 
isolates of P. cambivora; most isolates (44/49) produced an aerial growth habit, but some 
produced the appressed growth habit.  All isolates of P. cambivora were heterothallic: 40 
isolates were mating type A1 and nine isolates were mating type A2. There appeared to 
be a correlation between mycelium growth habit and mating type (Table 2.3).  All five 
isolates of P. cambivora with an appressed mycelium growth habit were mating type A2, 
and 40 of 44 isolates with the aerial mycelium growth habit were mating type A1.  All 
isolates of P. cambivora produced characteristic sexual structures: oogonia that were 
bullate, antheridia that were both one- and two-celled, and oospores that were mostly 
plerotic (Erwin and Ribeiro 1996, Gallegly and Hong 2008), and mean oospore diameter 
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for eight randomly selected isolates was 35.6 μm. Sporangia for all isolates were non-
papillate and internally proliferating, and, on average, isolates produced 32 sporangia 
around the perimeter of an agar plug. All isolates were sensitive to 100 ppm mefenoxam. 
The nine isolates of P. cambivora recovered from the Virginia nursery were 
evaluated for some of the morphological characteristics (Appendix A). Seven of the nine 
isolates were tested for mating type, and all were mating type A1. Four isolates had an 
aerial mycelium growth habit, and the others were not determined. The average number 
of sporangia produced by three isolates was 8.9 per agar plug.  Eight isolates were 
screened for mefenoxam sensitivity and the mean sensitivity score was 2.7; however, two 
of the isolates had a sensitivity score of 4 indicating insensitivity to mefenoxam.  
All 18 isolates of P. heveae had an appressed mycelium growth habit and 
produced oospores in axenic culture on PARPH-V8A (Table 2.3). Oogonia on these 
isolates had characteristic funnel-shaped, tapered bases and were fertilized by 
amphigynous, one-celled antheridia (data not presented) (Erwin and Ribeiro 1996, 
Gallegly and Hong 2008). Papillate sporangia on simple sympodia were produced 
abundantly on agar plugs in NS-SES, and all of these isolates were sensitive to the 
fungicide mefenoxam (Table 2.3).  The isolate of P. quercetorum had an appressed 
mycelium growth habit and was very sensitive to mefenoxam (Table 2.3).  It produced 
only few papillate sporangia and was homothallic with aplerotic oospores and 
paragynous antheridia on PARPH-V8A. The isolate of P. cryptogea produced many 
(>100) non-papillate, internally proliferating sporangia on cV8A plugs in NS-SES, was 
sensitive to mefenoxam (1.3 sensitivity score), and was heterothallic.  However, mating 
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type was not determined because it did not produce oospores when paired with any of the 
standard isolates used in this study. 
Phylogenetic Analysis.  A total of 257 isolates were used in a phylogenetic 
analysis based on sequences of the ITS region of rDNA (Fig. 2.2). Previously identified 
standard isolates and verified ex-holotype isolates were included in this analysis (Table 
2.1), and these isolates were used to validate species identification. Sequence length 
varied among species based on the length of the ex-holotype sequence: 773 bp for P. 
cinnamomi, 783 bp for P. cryptogea, 785 bp for P. drechsleri, 787 bp for P. quercetorum, 
and 805 bp for P. cambivora. The tree reveals overall homology of sequences among all 
isolates within each species, but there was some minor variation among isolates for P. 
cinnamomi, P. cambivora, and P. cryptogea. All isolates of P. cinnamomi from forest 
sites were homologous with the ex-holotype isolate and all standard isolates except Pc40, 
which was the only outlier.  Two isolates of P. cambivora showed a slight variation in 
ITS sequences: one of the standards, NY.114, and an isolate from the nursery, Heb NW 
(Fig 2.2).  However, sequences for the cox1 region (789 bp) for 48 (one isolate was not 
sequenced) isolates from forest sites and four nursery isolates of P. cambivora revealed 
similarity (Fig. 2.3). The isolate of P. cryptogea from roots of a backcross hybrid 
chestnut seedling growing in the field site in South Carolina, D4-27-124, varied slightly 
from the ex-holotype isolate and the standard isolate when ITS sequences were compared 
in the phylogenetic analysis (Fig. 2.2). 
A subset of 65 isolates of P. cinnamomi from the forest sites—which represented 
the three mycelium growth habits of aerial, appressed, and sparse on PARPH-V8 medium 
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(Fig. 2.1)—were separated into two distinct clades by phylogenetic analysis when the of 
rps10 gene (497 bp) was sequenced (Fig. 2.4). The 17 isolates with the sparse colony 
type formed one clade due to a SNP, and 48 isolates with both aerial and appressed 
growth habits formed the other clade.  
 
Discussion 
Results from this study are the first to confirm that multiple species of 
Phytophthora are associated with Phytophthora root rot on American chestnuts and 
backcross hybrid chestnuts bred for blight resistance. Since this disease was first 
recognized in 1932, P. cinnamomi has been the only species reported to cause 
Phytophthora root rot on American chestnut (Anagnostakis 2012, Crandall 1950, 
Crandall et al. 1945). Between 2010 and 2014, five species of Phytophthora were isolated 
from roots of or were recovered from soils associated with American, Chinese, and 
backcross hybrid chestnut seedlings with symptoms of Phytophthora root rot growing in 
field sites in four states in the southeastern US.  Four species of Phytophthora—P. 
cinnamomi, P. cambivora, P. heveae, and P. quercetorum—were recovered from both 
root or soil samples collected in test plots located in national forests in three southeastern 
states—North Carolina, Tennessee, and Virginia; P. cinnamomi and P. cambivora were 
present in root and soil samples from all three states, P. heveae was present in root and 
soil samples from North Carolina, and P. quercetorum was recovered from one soil 
sample in Virginia. Phytophthora cambivora also was isolated from both root and soil 
samples at a nursery in Virginia. Phytophthora cryptogea was isolated from the roots of a 
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dead backcross hybrid chestnut seedling growing in a field site in South Carolina, and 
morphologically similar isolates were recovered from four other dying seedlings in this 
field site; however, these isolates were not included in this study.  
Morphological, physiological, and molecular characters were used to confirm 
species identifications of all isolates.  Sequences for the ITS region provided valuable 
information for identifying the five species in this study—particularly when ex-holotype 
isolates and known standard isolates were included in phylogenetic analyses.  Additional 
sequences were used to confirm identification of isolates of P. cambivora and to identify 
a genotypic difference among isolates of P. cinnamomi. The cox1 locus was sequenced 
for isolates of P. cambivora because some minor variations among ITS sequences were 
observed, and a combination of these two loci were found to be beneficial for molecular 
identification of Oomycetes (Robideau et al. 2011).  In addition, the use of multiple DNA 
loci for identifying species of Phytophthora species has proven to be useful for 
identifying many species of Phytophthora—particularly ones that are morphologically 
similar (Martin et al. 2007, 2012). 
This study confirms that P. cinnamomi is still the species most commonly 
associated with Phytophthora root rot on American chestnut. This species was recovered 
most frequently from both the roots of seedlings and the soils associated with dying or 
dead seedlings in the forest test plots in North Carolina, Tennessee, and Virginia. 
Phytophthora cinnamomi is known to be widely distributed in the forests of the 
southeastern US (Balci et al. 2007, Campbell 1951, Campbell et al. 1963, Hendrix et al. 
1971, Meadows et al. 2011, Wood 2002). All isolates of P. cinnamomi recovered in this 
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study were mating type A2, which is the dominant mating type found in the United States 
(Zentmyer 1980), and is consistent with results from a previous study conducted in a 
forest site in western North Carolina (Meadows et al. 2011). In the southeastern US, 
isolates of P. cinnamomi with the A1 mating type have only been found associated with 
ornamental plants (Duan et al. 2008, Schreier 2013). Phytophthora cinnamomi is known 
to be predominantly clonal in most populations, and therefore, has only a limited 
potential for genetic variation (Erwin and Ribeiro 1996, Zentmyer 1980). Interestingly, 
three different mycelium growth habit types were observed when isolates were grown on 
PARPH-V8 selective medium: aerial, appressed, and sparse. This phenotypic variation 
appeared to be linked to the genotypic variation seen in sequences of the rps10 gene. 
Based on these sequences, isolates with the sparse colony type separated into a distinct 
clade, which may have been caused by a SNP. All isolates with the sparse growth habit 
were recovered from samples collected in plots in Giles Co., VA with two exceptions, 
which were two isolates from samples collected in Graham Co., NC. On the other hand, 
appressed isolates came from four of the six forest sites and aerial isolates were recovered 
from all six forest sites. Therefore, the variation in sequences at the rps10 gene gives 
reason to suspect there is more genetic variation within this species than previous 
believed, whether it is a result of hybridization or mutation events should be studied 
further 
The recovery of multiple species from chestnut seedlings growing in test plots 
provides evidence that other species may be involved with Phytophthora root rot on 
American chestnut trees in eastern forests. Phytophthora cambivora was the second most 
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prevalent species in root and soil samples, and this species has a history of causing root 
and crown rots on other woody plant hosts. In Europe, this species is known to be 
pathogenic to chestnuts where it causes significant economic damage in the forest and in 
orchards and also attacks beech trees (a member of the Fagaceae like chestnuts) in forest 
ecosystems (Crandall 1950, Day, 1938, Jung 2009, Vannini and Vettraino 2001, 
Vettraino et al. 2001, 2005). Phytophthora cambivora was reported to cause crown rot on 
golden (i.e., giant) chinquapin (Chrysolepis chrysophylla, another member of the 
Fagaceae) in Oregon forests, and it is a documented pathogen on other woody plants, 
many in the families Fagaceae and Prunus, primarily in the United States, Europe, and 
Australia (Erwin and Ribeiro 1996, Farr and Rossman 2017). Previously, this species also 
has been found in forest soils in the eastern US and in nurseries, causing foliage blight on 
rhododendron plants in western North Carolina and infesting apple rootstock liners (Balci 
et al. 2007, Hwang et al. 2006, Jeffers and Aldwinckle 1988). Isolates with the A2 mating 
type were most commonly associated with golden (i.e., giant) chinquapin, but isolates 
with the A1 mating type were most common on apple rootstocks (Jeffers et al. 1988, 
Saavedra et al. 2007). Both mating types were recovered in this study. Isolates with the 
A1 mating type were most common and were found in the nursery and in forest plots in 
all three states; however, nine isolates with the A2 mating type occurred in forest plots in 
both Virginia and Tennessee. The presence of both mating types in southeastern forests 
indicates there is potential for sexual recombination events for this species where both 
mating types occur.  
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All isolates of P. cambivora from forest sites and four of the eight nursery isolates 
had an ambiguity in their ITS sequences—a double peak that occurred at two positions in 
the sequence. The population was genetically similar to the population of P. cambivora 
isolates recovered from seedlings growing in the nursery in Virginia (Fig 2.3). All 
isolates from the nursery were mating type A1 and almost all isolates from forest sites 
were mating type A1. Because P. cambivora was recovered frequently, is pathogenic to 
European chestnuts, and was found in all three states, it is likely this species has the 
potential to cause disease on the American chestnut. If this species is proven to be 
pathogenic to American chestnut, it should be considered in breeding and restoration 
efforts.  
Phytophthora heveae was found as early as 1963 in soil samples collected in old-
growth stands of forests in eastern Tennessee and western North Carolina and was 
detected in soil samples collected in these locations again in 1969 and 1970 (Campbell 
and Gallegly 1965, Hendrix 1971). This species was detected in forest soils in 
northwestern South Carolina and again in western North Carolina more recently 
(Meadows et al. 2011, Wood 2002). When littleleaf disease of shortleaf pine became a 
problem and sampling for P. cinnamomi at high elevations was ongoing, P. heveae was 
found for the first time in the United States in old-growth stands of hardwoods and 
hemlock that had never been disturbed in the Cherokee National Forest in eastern 
Tennessee. The discovery of this species in 1963 was interesting because this species was 
assumed to be restricted to Southeast Asia where it was pathogenic to rubber trees 
(Campbell and Gallegly 1965). The distribution of P. heveae in this study was very 
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limited; it was found at only one forest site in western North Carolina. The role of this 
species in the forests of North Carolina is not known, but P. heveae does have the 
potential to be pathogenic on some of the native plants (Meadows et al. 2011). Because it 
was isolated from roots of chestnut seedlings, pathogenicity needs to be determined to see 
if P. heveae might play a role in Phytophthora root rot on this host species 
Two species were recovered very infrequently. Phytophthora cryptogea was 
isolated from roots of backcross hybrid chestnut seedlings growing in a field site located 
in Oconee Co., SC. In a preliminary report (Sharpe et al. 2016), these isolates were 
tentatively identified as P. drechsleri, a similar and closely related species (Erwin and 
Ribeiro 1996, Martin et al. 2012), but subsequent DNA sequencing confirmed the 
identity as P. cryptogea. Previously, P. cryptogea was found to cause wilt and mortality 
on chestnut trees (Castanea sp.) in South Australia (Wickes and Volle 1976), and it was 
recovered from declining European chestnut trees in Greece and proven to be pathogenic 
(Perlerou et al. 2010). Phytophthora quercetorum was recovered from only one soil 
sample in Wise Co., VA. This species originally was found and described in oak forest 
soils in states north and west of Virginia and since then was found in a forest soil in 
South Carolina (Balci et al. 2007, 2008, Meadows and Jeffers 2011). The role of this 
species in forest soils also has not been determined, but it does not appear to currently be 
a threat to American chestnut due to its rarity and lack of association with declining 
chestnut trees. 
This is the first study to identify species of Phytophthora other than P. cinnamomi 
associated with American, Chinese, and backcross hybrid chestnuts in the United States. 
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The incidence and diversity of species provides important information on the species 
complex associated with Phytophthora root rot on American chestnut. Pathogenicity of 
the species isolated from roots has been determined (Chapter 3). Some of these other 
species of Phytophthora were found to be pathogens of American chestnut seedlings and, 
therefore, could be pathogenic to backcross hybrid chestnut trees. Consequently, the role 
of all species of Phytophthora in re-establishing this native tree species to its previous 
range needs to be considered. 
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Table 2.1. Standard and ex-holotype isolates of six species of Phytophthora used to 
confirm species identifications of the isolates of Phytophthora spp. used in this study 
based on mating type and sequencing the ITS region of rDNA  
Species 
Standard isolates  Ex-holotype isolates 
Isolate no. Mating type 
 
Isolate no. 
GenBank accession 
no. 
P. cinnamomi 96-1108 A2  ET P2110  FJ801806 
 99-2589 A1    
 Pc40 A2    
 Pc138 A1    
 JJ-1 A2    
 JJ-52 A2    
P. cambivora NY.114 A1  SE P0592 HQ261516 
 OSU-4050 A2    
P. cryptogea P1088 A1  ET P1738 FJ801792 
P. drechsleri P1087 A2  SE P1087 HQ455608 
P. heveae    EpT ICMP 19451 KP295326 
P. quercetorum    ET P15555 HQ261657 
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Table 2.2. Incidence of five species of Phytophthora from root and soil samples collected at eight field sites where American, 
Chinese, and backcross hybrid chestnut seedlings were planted in four states in the southeastern US between 2010 and 2014a 
 Location   P. cinnamomi  P. cambivora  P. heveae  P. quercetorum  P. cryptogea 
State County Site  Roots Soil  Roots Soil  Roots Soil  Roots Soil  Roots Soil 
North Carolina Clay Forest  1 6  0 0  0 0  0 0  0 0 
 Graham Forest  5 19  4 8  2 16  0 0  0 0 
Tennessee Carter Forest  5 6  17 10  0 0  0 0  0 0 
 Cocke Forest  16 28  1 0  0 0  0 0  0 0 
Virginia Giles Forest  9 20  2 7  0 0  0 0  0 0 
 Wise Forest  9 41  0 0  0 0  0 1  0 0 
 Augusta Nursery  0 0  3 6  0 0  0 0  0 0 
South Carolina Seneca Farm  0 0  0 0  0 0  0 0  5 0 
All sites No.   45 120  27 31  2 16  0 1  5 0 
 
Percentage of 
successful isolationsb 
 57% 71%  34% 18%  3% 10%  0% 1%  6% 0% 
 
Percentage of 
attempted isolationsc 
 17% 34%  10% 9%  1% 5%  0% <1%  2% 0% 
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Totals from all sites combined  Root Soil  Root and Soil          
Total no. of attempted isolations  271 353  624          
No. of successful  isolations  79 168  247          
Percentage of successful isolations  29% 48%  40%          
 a   Samples were processed using a standard root isolation method and a standard soil baiting bioassay.  
b Percentage is the total number of successful isolations from roots and soil for each species of Phytophthora out of the total 
number of successful isolations from roots and soil, respectively, for all species of Phytophthora. 
c Percentage is the total number of successful isolations from roots and soil for each species of Phytophthora out of the total 
number of attempted isolations from roots and soil, respectively, for all species of Phytophthora. 
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Table 2.3. Summary of morphological and physiological characteristics of 233 isolates of four species of Phytophthora 
associated with American, Chinese, and backcross hybrid chestnut seedlings planted in six forest test plots in three 
southeastern statesa 
 
Species (no. isolates) 
Mycelium growth 
habitb 
 Mating typec 
Mefenoxam  
sensitivity score 
(mean, range)d 
No. of sporangia 
(mean, range.)e 
Oospore diameter in 
µm 
(mean, range)f No. Type  No. Designation 
P. cinnamomi (165) 126 aerial  165 A2 1.2,  
 0.7-2.3 
12.5,  
0.3-48.7 
32,  
27.3-37.1 
 22 appressed  0 A1    
  17 sparse       
P. cambivora (50) 44 aerial  40 A1 2.6,  
0.7-3.3 
33.6, 
1.3-108 
35.6,  
34.0-36.9 
  5 appressed  9 A2    
P. heveae (18) 18 appressed  18 H 2.1,  
0.7-3.0 
68.9,  
2.7-100 
NDg 
P. quercetorum (1) 1 appressed  1 H 1.0 1.7 ND 
62 
 
a All isolates were recovered from roots or soils. 
b Mycelium growth habit was observed on PARPH-V8 medium after 7 days at 20˚C in the dark. 
c Isolates were homothallic (H) or heterothallic; heterothallic isolates were designated A1 or A2 based on the standard A1 or 
A2 isolate with which oospore production occurred. Isolates were paired three times with each standard isolate on super 
clarified V8A medium at 25˚C in the dark for 2 to 4 weeks. 
d Mefenoxam sensitivity was assessed using a standard scoring system based on growth of hyphae from an agar plug placed 
on 5% cV8A medium amended with 100 ppm mefenoxam; each value is the mean of three independent observations. 
e Mean and range for number of sporangia produced: three 5-mm cV8A plugs of each isolate were covered with 1.5% non-
sterile soil extract solution at room temperature (23 to 25˚C) for 24 h under continuous fluorescent light.  
f Mean and range for diameter of 25 oospores per isolate for 37 isolates of P. cinnamomi and eight isolates of P. cambivora.  
g Not determined (ND) for this species. 
 
63 
 
 
Figure 2.1. Three mycelium growth habits produced by Phytophthora cinnamomi on 
PARPH-V8A selective medium after 7 days at 20˚C in the dark (clockwise from top left): 
aerial, appressed, sparse. 
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Figure 2.2. Molecular identification of 242 isolates of species of Phytophthora recovered 
from roots of and soils associated with American, Chinese, and backcross hybrid chestnut 
seedlings growing in field sites in four southeastern states:  Phylogenetic tree based on 
sequences of the ribosomal DNA internal transcribed spacer region. Standard isolates 
(marked by *) used in this study for comparison and ex-holotype isolates (represented by 
the species name in each clade) were included. 
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Figure 2.3. Phylogenetic tree based on sequences of the cytochrome oxidase 1 
mitochondrial DNA region for 52 isolates of Phytophthora cambivora recovered from 
roots of and soils associated with American, Chinese, and backcross hybrid chestnut 
seedlings growing at field sites: 48 isolates came from forest sites and four isolates came 
from a nursery.  One standard isolate of Phytophthora cambivora (NY.114) was 
included.  
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Figure 2.4. Phylogenetic tree based on sequences of the ribosomal protein S10 gene for 
65 isolates of Phytophthora cinnamomi recovered from roots of and soils associated with 
American, Chinese, and backcross hybrid chestnut seedlings growing in forest sites.  
These isolates represent three mycelium growth habits when isolates are grown on 
PARPH-V8 selective medium: aerial (o), appressed (x), and sparse (+). 
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CHAPTER 3 
PATHOGENICITY AND VIRULENCE OF PHYTOPHTHORA SPECIES TO 
AMERICAN AND CHINESE CHESTNUT 
 
Abstract 
Phytophthora cinnamomi is the only species reported to be pathogenic to American 
chestnut (Castanea dentata) trees. However, between 2010 and 2014, five species of 
Phytophthora were recovered from roots of or soils around American, Chinese (C. 
mollissima), and backcross hybrid chestnut seedlings growing in field plots in four 
southeastern states. Four species of Phytophthora were tested for pathogenicity to 
American and Chinese chestnuts—P. cinnamomi, P. cambivora, P. heveae, and P. 
cryptogea. To fulfill Koch’s postulates, 3-month-old, open-pollinated American and 
Chinese chestnut seedlings were artificially inoculated by infesting soil with individual 
isolates of each species and periodic flooding. There was a significant amount of root rot 
caused by P. cinnamomi, P. cambivora, and P. cryptogea, and all species caused necrotic 
lesions on the main tap root of American chestnut seedlings. P. cinnamomi was the only 
species that caused significant root rot on Chinese chestnut seedlings, but P. cambivora 
and P. cryptogea occasionally caused necrotic lesions on the main tap root of these 
seedlings. Virulence of P. cinnamomi and P. cambivora was compared on 2- and 3-year-
old American chestnut seedlings using inoculum treatments composed of isolates from 
different geographical locations and different substrates; each treatment was a mixture of 
two, three, or four isolates of one species. P. cinnamomi was more virulent than P. 
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cambivora based on lesion development on the main stem, amount of root rot, and 
survival time. No differences were observed among isolate treatments within each species 
for root rot and survival time, regardless of the substrate or geographic source. P. 
cambivora did not consistently produce symptoms under the experimental conditions in 
the virulence experiment, but the pathogen was isolated from 40% to 90% of inoculated 
plants. 
 
Introduction 
The American chestnut, Castanea dentata (Marshall) Borkh., once dominated 
many forests in the eastern United States, particularly those in the Appalachian Mountain 
region from Maine to Georgia and west into Mississippi, Tennessee, and Kentucky (Ashe 
1911, Buttrick 1925, Kuhlman 1978). The chestnut had a variety of desirable attributes: 
rot-resistant and durable timber, edible and nutritious nuts, and high tannin content 
(Emerson 1846, Freinkel 2007). Two major diseases caused by exotic plant pathogens 
nearly eliminated the American chestnut from its native habitat. Best known was chestnut 
blight, caused by Cryphonectria parasitica; this disease was first recognized in North 
America in 1904 and spread relatively quickly throughout the native range of American 
chestnut—leaving remnant root sprouts from once mature chestnut trees (Anagnostakis 
2012, Freinkel 2007, Merkel 1906, Russell 1987). The other, less well-known disease 
was Phytophthora root rot (also known as ink disease), which began killing trees in the 
early to mid-1800s and is thought to be responsible for the demise of chestnut trees in the 
southern portion of the tree’s native range (Anagnostakis 2001, Anagnostakis 2012, 
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Crandall et al. 1945, Freinkel 2007, Russell 1987). Phytophthora root rot was first 
reported on American chestnut in 1932, and Phytophthora cinnamomi Rands has been the 
only pathogen reported to cause this disease for 85 years (Milburn and Gravatt 1932, 
Crandall 1950, Crandall et al. 1945). 
Phytophthora cinnamomi is a soilborne oomycete that is a well-known pathogen 
with a cosmopolitan distribution and an extensive host range, and it is known to cause 
disease in forest settings around the world (Brasier 1996, Crandall and Gravatt 1967a, 
Erwin and Ribeiro 1996, Hardham 2005, Tainter et al. 2000, Zentmyer 1980). 
Phytophthora cinnamomi is believed to have been introduced to the southeastern United 
States in the late 1700s or early 1800s, and the first recorded observations of the damage 
caused by this pathogen were on chinquapin (C. pumila, C. ozarkensis) and American 
chestnut trees.  In 1824, chinquapins were observed to be dying in Georgia, and dying 
American chestnuts in the Piedmont were observed around 1850 (Anagnostakis 2001, 
Crandall and Gravatt 1967b, Crandall et al. 1945, Zentmyer 1980). At the times of these 
observations, the causal organism was not identified, but scientists have assumed that 
Phytophthora root rot, caused by P. cinnamomi, was responsible for the deaths of these 
trees. Therefore, it is likely that P. cinnamomi was affecting chestnut trees almost 100 
years before chestnut blight was reported in the early 1900s.  
Over the years, P. cinnamomi has impacted several important species in addition 
to species of Castanea in forests of the southeastern United States—e.g., rhododendron, 
shortleaf and loblolly pines, and black walnut (Campbell and Coyle 2016, Crandall 1936, 
Crandall et al. 1945, Hansen 2015, Zentmyer 1980). More recently, P. cinnamomi has 
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been found associated with diseased oak trees in forests in California, Ohio, and states in 
the eastern US (Balci et al. 2007, Garbelotto et al. 2006).  In Europe, Phytophthora root 
rot of native European chestnut trees (Castanea sativa) was present in the early 1700s, 
and the causal organism initially was identified as Phytophthora cambivora (Petri) 
Buisman (reported in Crandall 1950). Later, P. cinnamomi also was isolated from 
European chestnut trees with ink disease (Crandall 1950, Day 1938). Over time, several 
other species of Phytophthora have been reported as pathogens or found associated with 
European chestnut, but P. cinnamomi and P. cambivora are known as the two most 
damaging pathogens to this host species (Vannini and Vettraino 2001, Vettraino et al. 
2005). 
There are ongoing efforts to breed blight resistant American chestnut trees for 
reintroduction to forests in the eastern US (Anagnostakis 2012, Clark et al. 2014, Freinkel 
2007). Primary emphasis has been placed on developing hybrids through backcross 
breeding to produce trees that have desirable American chestnut traits and resistance to 
the chestnut blight pathogen. Recently, efforts also are being made to identify backcross 
hybrids with resistance to P. cinnamomi (Jeffers et al. 2009, 2012). Phytophthora 
cinnamomi is thought to have relatively limited phenotypic and genotypic variability, and 
its worldwide distribution has proven to be primarily clones of the A2 mating type (Erwin 
and Ribeiro 1996, Zentmyer 1976, 1980). However, several studies have suggested there 
are differences in virulence among isolates of P. cinnamomi, and some of these studies 
provide evidence of host specificity (Crandall et al. 1945, Galindo and Zentmyer 1964, 
Manning and Crossan 1966, Zentmyer 1980). Due to the devastating effects P. 
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cinnamomi has had on American chestnut, any variation in virulence among isolates 
affecting these trees would be an important factor in breeding for resistance.  
Recently, test plantings of American, Chinese, and backcross hybrid chestnut 
seedlings in Appalachian forest sites in several southern states, which were part of a 
chestnut restoration project, have been impacted by Phytophthora root rot (Brosi 2001, 
Clark et al. 2014, 2016, Pinchot et al. 2017). From 2010 to 2014, four species of 
Phytophthora—P. cinnamomi, P. cambivora, P. heveae, and P. cryptogea—were 
recovered from roots of American and hybrid chestnut seedlings in test plantings in four 
southeastern states (Sharpe et al. 2016: Chapter 2 of this thesis). Therefore, the objectives 
of this study were: (i) to determine pathogenicity of these four species of Phytophthora to 
American and Chinese chestnut seedlings and (ii) to evaluate and compare the virulence 
of isolates of P. cinnamomi and P. cambivora recovered from different substrates and 
geographical locations to American chestnut seedlings.   
 
Methods and Materials 
Pathogenicity of four species of Phytophthora to American and Chinese 
chestnut.  Two independent trials were conducted to evaluate pathogenicity of 
Phytophthora spp. to American and Chinese chestnut seedlings grown from open-
pollinated seeds.  Germinated seeds were provided by colleagues at The American 
Chestnut Foundation (TACF) in February 2015. Seeds were planted in 1.6-liter Mini-
Treepots™ (ID code TP49; Stuewe and Sons, Inc., Tangent, OR) filled with a peat-based, 
soilless container mix (Fafard 3B; Sun Gro Horticulture, Agawam, MA) in March 2015 
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and grown at the Clemson University Greenhouse complex.  The two trials of this 
experiment were conducted concurrently but independently between June and November 
2015; Trial 2 started 1 week after Trial 1. Each trial was conducted in the greenhouse 
with plants arranged in a completely randomized experimental design. During this time, 
greenhouse daily temperatures ranged from 69°C to 86°C and a 16-h photoperiod was 
maintained. 
Eight isolates of four species of Phytophthora were tested for pathogenicity 
(Table 3.1); all isolates originally were isolated from roots of diseased chestnut seedlings 
(Chapter 2).  One isolate of P. cinnamomi was used as a standard for comparison because 
this species is known to be pathogenic to both American and Chinese chestnut trees 
(Crandall et al. 1945), and this isolate has been used routinely to evaluate backcross 
hybrid chestnut seedlings for resistance to P. cinnamomi (Jeffers et al. 2009, 2012). Five 
isolates of P. cambivora were selected to represent the geographic distribution of isolates 
collected, and one isolate each of P. heveae and P. cryptogea were selected as 
representatives of these species.   
All selective and standard growth media used in this study are used routinely in 
the S. N. Jeffers laboratory at Clemson University, and recipes for these media are 
published in an online resource (Ivors 2015).  To prepare inoculum, 5-mm agar plugs 
were taken from actively growing colonies on PAR-V8A semi-selective medium (Jeffers 
2015b) and transferred to 5% clarified V8 juice agar (cV8A; Jeffers 2015c), and cultures 
were incubated at 25°C in the dark for 3 days to insure isolates were free of 
contamination. Inoculum for each isolate was produced on a 2:1 (v:v) mixture of 
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vermiculite and 10% V8 juice broth (V8B; Jeffers 2015c) in 250-ml Erlenmeyer flasks 
(Eisenmann 2003, Roiger and Jeffers 1991). Each flask contained 100 ml of horticulture-
grade vermiculite and 50 ml of V8B, and flasks were autoclaved twice—once on each of 
two consecutive days. When the vermiculite medium cooled after the second autoclaving, 
three 5-mm cV8A plugs from an isolate were placed into one flask. All inocula were 
incubated at 25°C in the dark for 14 days, and each flask was gently shaken several times 
to encourage thorough colonization of the medium. All inoculum cultures were tested for 
purity by spreading a small aliquot (1-2 ml) of inoculum from each flask on a plate of 
cV8A and incubating these cultures at 25°C in the dark for 2 days.  
Inoculum prepared from each isolate was used to inoculate chestnut seedlings in 
the greenhouse by spreading 5 ml of inoculum on the surface of the container mix in each 
1.6-liter pot.  The inoculum was gently incorporated by hand into the top layer of mix. 
Approximately 200 ml of fresh container mix was added to cover the inoculum in each 
pot. There were five replicates of American and five replicates of Chinese chestnut 
seedlings inoculated with each isolate.  Five seedlings of each chestnut species were used 
as non-inoculated controls, and these plants received sterile vermiculite-V8 medium. All 
pots were watered thoroughly to further incorporate inoculum, prevent inoculum from 
desiccating, and encourage sporulation. Seedlings were grown for 19 weeks after 
inoculation and flooded for 48 h once every two weeks beginning 11 weeks after 
inoculation to enhance disease development (Eisenmann 2003, Roiger and Jeffers 1991).  
Seedlings were evaluated for several disease parameters over the course of the 
experiment.  First, seedlings were scored weekly beginning 2 weeks after inoculation for 
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symptom severity based on the percentage of foliage showing symptoms of chlorosis and 
wilt. A 0 to 5 rating scale was used to score the trees based on visual observations: 0 = 
healthy—no evidence of wilt, 1 = 1-10% of foliage with symptoms, 2 = 11-50% of 
foliage with symptoms, 3 = 51-90% of foliage with symptoms, 4 = 91-99% of foliage 
with symptoms, and 5 =100% of foliage with symptoms—plant dead. After a seedling 
died or at completion of each 19-week trial, each seedling was removed from its pot and 
the roots were thoroughly washed under running tap water. Roots were rated visually and 
given a root symptom severity score of 0 to 5 based on the percentage of roots with root 
rot symptoms: 0 = 0%, roots healthy, 1 = 1-10%, 2 = 11-50%, 3 = 51-90%, 4 = 91-99%, 
5 = 100%, all roots dead. In addition, the number of plants in each treatment with lesions 
on the main tap root was recorded because this symptom is considered an important 
indicator of disease development (Jeffers et al. 2009). After visual evaluation, the entire 
root system was excised at the soil line, root systems were blotted dry, and fresh root 
weight was measured. Small pieces of tissue from symptomatic areas on roots and lower 
stem sections were placed in PARPH-V8A selective medium (Jeffers 2015b) to isolate 
pathogens. For seedlings with no obvious symptoms on the roots, a representative sample 
of the fine roots was used. Isolation plates were placed at 20°C in the dark for 3 to 7 days 
and observed daily for colonies of Phytophthora spp., and the number of plants from 
which the original pathogen was isolated was recorded. 
Data for American and Chinese chestnut seedlings were analyzed separately. For 
each tree species, the data from the two trials were compared statistically and found to be 
homogeneous and lacked significant interactions so were combined for analyses.  Each 
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set of combined data was analyzed using parametric statistical analyses using JMP Pro 
software (ver. 12.2.0; SAS Institute Inc., Cary, NC). For 0 to 5 disease severity rating 
scales, the midpoint of the range for each score was used for analysis. Analysis of 
variance was conducted to identify differences among treatments for root rot severity and 
fresh root weight. To determine pathogenicity of individual isolates, individual isolate 
means for root rot severity and fresh root weight from inoculated treatments were 
compared to the mean of the non-inoculated control treatment using the Dunnett 
procedure with α = 0.05. Differences among treatments for numbers of plants with 
lesions on the tap root and for numbers of plants from which Phytophthora spp. were 
isolated were assessed by chi-square analyses with α = 0.05. 
Virulence of P. cinnamomi and P. cambivora to American chestnut. Two 
independent trials were conducted to compare the virulence of P. cinnamomi and P. 
cambivora to American chestnut seedlings using 3-year-old and 2-year-old plants grown 
from open-pollinated seeds. The seeds were provided by TACF in late February 2012 and 
April 2013, respectively. Seeds received in 2012 had to be stratified before planting in 
April, but those received in 2013 were germinating when received so were planted that 
same month. In both years, seeds were planted in 1.6-liter Mini-Treepots filled with 
Fafard 3B soilless container mix, and plants were grown in open-air, covered areas at the 
Clemson University Greenhouse complex. Plants grown from seeds received in 2012 
were grown for one season, allowed to go dormant, and then were transplanted in March 
2013 into 5-liter Treepots™ (ID code CP512CH) containing Fafard 3B container mix.  In 
April 2015, all plants were moved into the greenhouse to grow under controlled 
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conditions. As with the pathogenicity experiment, the two trials of this experiment were 
conducted concurrently but independently, but this time between September 2015 and 
February 2016; Trial 2 started 8 weeks after Trial 1. As in the pathogenicity experiment, 
each trial was conducted on a separate bench in the greenhouse with plants arranged in a 
completely randomized experimental design.  Daily temperatures in the greenhouse 
ranged from 69°C to 82°C and a 16-h photoperiod was maintained during the trials of this 
experiment.  
A total of 26 isolates were selected to evaluate virulence of P. cinnamomi and P 
cambivora to American chestnut seedlings (Table 3.3).  Isolates were recovered from 
roots of diseased chestnut seedlings or from soils associated with diseased plants growing 
in four southeastern states. Each treatment consisted of two to four isolates usually 
recovered from a specific substrate (roots or soil) and a single geographic region. Two 
isolates of P. cinnamomi known to be virulent to chestnut seedlings were used as a 
standard treatment for comparison (Jeffers et al. 2009, 2012). Two treatments of P. 
cambivora composed of isolates from Carter Co., TN, one from roots and one from soil, 
were used because isolates in these treatments were morphologically distinct (Chapter 2).  
Inoculum of each isolate used in this experiment was prepared the same way as 
inocula for the pathogenicity experiment. Inoculum treatments were prepared by 
combining and thoroughly mixing the vermiculite-V8 cultures of the isolates in each 
treatment (Table 3.3). This pooled inoculum was used to inoculate chestnut seedlings by 
spreading 5 ml of inoculum on the surface of the container mix in each 1.6-liter pot and 
15 ml of inoculum on the surface of each 5-liter pot—to maintain a similar ratio of 
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inoculum to container mix (v:v) in the two sizes of pots.  Seedlings were inoculated and 
grown as described above in the pathogenicity experiment except that flooding began 
four weeks after inoculation. However, in this experiment, the five replicate seedlings 
used for each treatment were two 2-year-old seedlings and three 3-year-old seedlings. 
Seedlings varied somewhat in size within each age class, so they were allocated equally 
among the treatments based on size. Five similar seedlings were not inoculated and 
served as controls. Seedlings were grown for 12 weeks after inoculation and flooded for 
48 h once every two weeks beginning two weeks after inoculation to promote disease 
development.  
In this experiment, seedlings were evaluated for five disease parameters. 
Development of foliage symptoms, root rot severity, and pathogen isolation were 
assessed as described in the pathogenicity experiment.  In addition, two other disease 
parameters were determined at the end of each trial: Height of any lesion above the soil 
line that progressed up the main stem of a seedling and the number of weeks that each 
seedling survived. As in the previous experiment, data from the two trials in this 
experiment were compared statistically and found to be similar, so they were combined 
for analyses. Each set of combined data was analyzed using parametric statistical 
analyses and JMP Pro software. For 0 to 5 disease severity rating scales, the midpoint of 
the range for each score was used for analysis. Analysis of variance and Fisher’s 
Protected Least Significant Difference (α = 0.05) were conducted to identify differences 
among treatments for each parameter: canker height, root rot severity, and survival time. 
To determine if there were differences in virulence between P. cinnamomi and P. 
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cambivora and among isolate treatments within a species, an analysis of least squares 
means was conducted and single-degree-of–freedom orthogonal contrasts were designed 
to compare specific treatments. Differences among treatments for numbers of plants from 
which Phytophthora spp. were isolated were assessed by chi-square analyses with α = 
0.05. 
 
Results 
Inoculated plants in both the pathogenicity and virulence experiments were 
monitored weekly for development of chlorosis in and wilting of the foliage, but 
symptom development was too variable to be meaningful.  Foliage symptoms did not 
progress uniformly or consistently on individual plants or on plants within a treatment 
under the experimental conditions used in these two experiments.  Therefore, this disease 
parameter was not used to evaluate pathogenicity or virulence. 
Pathogenicity of Phytophthora spp. to American and Chinese chestnut.  Eight 
isolates representing four species of Phytophthora were used to evaluate pathogenicity to 
American and Chinese chestnut seedlings—including a standard isolate of P. cinnamomi 
(Table 3.1). Four isolates of P. cambivora and the isolate of P. heveae had been 
recovered from roots of American or backcross hybrid chestnut trees with symptoms of 
Phytophthora root rot; diseased plants were collected in forest test plots in three different 
national forests—each in a different state. One isolate of P. cambivora was recovered 
from symptomatic roots on a chestnut seedling growing in a nursery in VA. The isolates 
of P. cryptogea was recovered from a dead seedling growing in a field site in South 
Carolina where backcross hybrid chestnut seedlings were being evaluated for resistance 
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to P. cinnamomi. All isolates previously were identified based on morphological features 
and DNA sequencing (Chapter 2).  
All four species of Phytophthora caused some degree of root rot on American 
chestnut seedlings, but there were differences in disease severity among the isolates of 
the different species (Table 3.2).  Isolates differed significantly in ability to cause lesions 
on the tap root and root rot, but all isolates were recovered from at least 50% of 
inoculated plants. P. cinnamomi and P. cryptogea were recovered from 100% of 
inoculated plants and caused lesions on the tap root of 100% and 70% of these plants, 
respectively.  The single isolates of these two species and the two isolates of P. 
cambivora from Virginia caused a significant amount of root rot compared to the plants 
that were not inoculated (Table 3.2, Fig. 3.1).  However, only the isolate of P. cinnamomi 
significantly reduced the fresh weight of inoculated plants.   
Overall, disease severity was greatest on plants inoculated with the standard 
isolate of P. cinnamomi.  This isolate consistently caused extensive necrosis and decay of 
entire root systems and resulted in death of all inoculated American chestnut seedlings 4 
to 5 weeks after inoculation. On most of these plants, a necrotic lesion extended up the 
stem of the seedlings above the soil line before plants died. P. cambivora was the only 
other species to cause death of American chestnut seedlings. A total of three seedlings 
died from infection by the five isolates P. cambivora. The isolate of P. heveae caused the 
least amount of disease to the roots of inoculated plants, but it was isolated from 90% of 
inoculated plants (Table 3.2).  
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The only isolate that caused significant damage to the roots of Chinese chestnut 
was the standard isolate of P. cinnamomi—causing lesions of the tap root of four plants 
and a significant amount of root rot (Table 3.2, Fig. 3.1).  This isolate also caused death 
to two Chinese chestnut seedlings and was isolated from seven of the ten inoculated 
plants. None of the other isolates of the three other species caused significant disease to 
Chinese chestnut seedlings. However, all isolates were recovered from roots of at least 
one of the inoculated plants even though disease was not evident, and P. cryptogea was 
isolated from all of the inoculated plants (Table 3.2).   
Virulence of P. cinnamomi and P. cambivora to American chestnut.  The 
isolates used in the treatments for the virulence experiment were selected based on the 
substrate and geographic location from which they were recovered (Table 3.3). Five 
treatments (two of P. cinnamomi and three of P. cambivora) consisted of two or three 
isolates from the same substrate and county. Two P. cinnamomi treatments consisted of 
three isolates from roots of plants collected in two counties in the same state. One P. 
cinnamomi treatment consisted of three isolates from soil in three different states, and one 
P. cambivora treatment consisted of four isolates (one from roots and three from soil) 
from a nursery.   
In this experiment, only treatments composed of isolates of P. cinnamomi caused 
significant disease—based on the four disease parameters measured (Table 3.4).  The 
treatment composed of soil isolates, the treatment composed of standard isolates, and the 
treatment composed of root isolates from North Carolina produced significant lesions on 
the main stem, but all five treatments composed of isolates of P. cinnamomi caused 
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significant root rot and killed plants before the end of the trials (i.e., survival time in 
Table 3.4). Isolates of this species in all five treatments also were consistently recovered 
from 100% of inoculated plants. In comparison, none of the treatments composed of 
isolates of P. cambivora caused significant disease, and isolates in these treatments were 
recovered from only 40 to 90% of inoculated plants (Table 3.4).  
Orthogonal contrasts of the root rot data were used to compare specific treatments 
so virulence could be determined (Table 3.4). Plants that were inoculated had 
significantly (P<0.0001) more root rot than the plants that were not inoculated. 
Treatments composed of P. cinnamomi isolates produced significantly (P<0.0001) more 
root rot than those composed of isolates of P. cambivora.  However, there was no 
significant difference in root rot development among treatments composed of P. 
cinnamomi or among treatments composed of P. cambivora isolates from different 
substrates or geographical locations (Table 3.4). Therefore, the amount of root rot on 
American chestnut seedlings was similar among isolates of P. cinnamomi in different 
treatments and among isolates of P. cambivora in different treatments.  
 
Discussion 
This study was conducted because four species of Phytophthora—P. cinnamomi, 
P. cambivora, P. heveae, and P. cryptogea—recently were recovered from roots of dying 
American and backcross hybrid chestnut seedlings growing in forest or field test plots 
and a nursery in four southeastern states (Chapter 2). Since 1932, P. cinnamomi has been 
the only species documented to cause Phytophthora root rot on American chestnut trees 
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in the United States, and it was speculated to have been responsible for the widespread 
death of the American chestnut and chinquapin trees in the early to mid-1800s—long 
before chestnut blight was first reported in the US (Anagnostakis 2012, Crandall 1950, 
Crandall et al. 1945).  P. cinnamomi occurs widely throughout the forests of the southern 
and mid-Atlantic United States and has had devastating effects on southern pines over 
many years and may be involved in several diseases on native oaks (Balci et al. 2007, 
Campbell et al. 1963, Campbell and Hendrix 1967, Hansen 2015, Wood and Tainter 
2002, Zentmyer 1980).  
This is the first study conducted to prove that species of Phytophthora other than 
P. cinnamomi are capable of causing Phytophthora root rot on American chestnut, 
Castanea dentata. In the pathogenicity experiment reported here, all three species of 
Phytophthora recently recovered from the diseased roots of American and backcross 
hybrid chestnut plants growing in field sites—P. cambivora, P. cryptogea, and P. 
heveae—were pathogenic to American chestnut seedlings although P. heveae was only 
weakly pathogenic. This is the first report of these three species as pathogens of 
American chestnut. Phytophthora cambivora is a known pathogen of European chestnut, 
Castanea sativa (Day 1938, Vannini and Vettraino 2001, Vettraino et al. 2001, 2005), 
and it was reported erroneously on American chestnut in a preliminary report published 
in 1932 (Crandall 1950, Milburn and Gravatt 1932). Although this species previously was 
found causing foliage symptoms on rhododendron plants in North Carolina nurseries in 
2006 (Hwang et al. 2006), P. cambivora is not commonly found in the southeastern US, 
and, prior to this study, it had not been found associated with chestnuts in the US.  
88 
In a preliminary report (Sharpe et al. 2016), isolate D4-27-124 was tentatively 
identified as P. drechsleri, a species morphologically very similar to P. cryptogea (Erwin 
and Ribeiro 1996), but DNA sequencing confirmed this isolate was actually P. cryptogea.  
Phytophthora cryptogea has caused disease on chestnuts in other countries. It caused 
trunk collar lesions and decline on Castanea sativa in Greece and trunk lesions and wilt 
on Castanea sp. in South Australia (Perlerou et al. 2010, Wicks and Volle 1976). This 
species is not very common in the southeastern US; it typically is not found in surveys for 
Phytophthora spp. in native ecosystems or in nurseries in this part of the country (S. N. 
Jeffers, personal communication). Likewise, P. heveae has not been associated with 
chestnuts in the past, but, unlike P. cryptogea, P. heveae previously has been found in 
natural ecosystems and nurseries in the southeastern US. It has been isolated from 
rhododendron foliage in western North Carolina—on cultivated rhododendrons in 
nurseries and on native rhododendrons growing along streams in forest areas where 
leaves routinely come into contact with stream water where zoospores of P. heveae are 
present (Benson and Jones 1980, Hwang et al. 2009).  This species also has been 
recovered several times from forest soils in western North Carolina, northwestern South 
Carolina, and eastern Tennessee and has been detected in several streams in western 
North Carolina forests (Campbell and Gallegly 1965, Hendrix et al. 1971, Hwang et al. 
2009, Meadows et al. 2011, Wood 2002). Phytophthora heveae appears to be well 
established in a fairly defined region of the southeastern US and is capable of causing 
disease on at least some of the native plants in this region. 
89 
Chinese chestnut is known to be resistant to P. cinnamomi, but it can be infected 
and develop symptoms (Crandall et al. 1945). Under the environmental conditions of this 
study, with periodic flooding, the Chinese chestnut was susceptible to infection by P. 
cinnamomi, P. cryptogea, and P. cambivora; however, P. cryptogea was only weakly 
pathogenic, and only the isolate of P. cambivora from the Virginia nursery caused 
necrotic lesions on the tap roots of inoculated seedlings. To date, P. cambivora and P. 
cinnamomi are the only two species of Phytophthora that have been reported on Chinese 
chestnuts (Farr and Rossman 2017). In the pathogenicity experiment, P. cinnamomi killed 
several Chinese chestnut seedlings under greenhouse conditions, confirming that C. 
mollissima is susceptible to infection by this species.  
In the virulence experiment, it was clear and conclusive that P. cinnamomi is a 
more virulent species than P. cambivora based on the amount of root rot and survival 
time; this was expected based on reports of Phytophthora root rot on chestnuts in Europe 
caused by these two species (Day 1938, Crandall 1950, Crandall et al. 1945, Vannini and 
Vettraino 2001, Vettraino et al. 2005). However, there was no difference in virulence 
among sets of isolates of P. cinnamomi or P. cambivora from different substrates and 
different locations in this study. Even though the lesion height for three treatments of P. 
cinnamomi was significantly different from the control, this assessment alone was not 
enough to conclude that the isolates in this treatment were more virulent than the isolates 
in other treatments. The other parameters measured (% root rot and survival time) 
revealed no significant differences within each species. Therefore, results from the 
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virulence experiment did not reveal any variation in virulence among isolates in the 
inoculum treatments.  
Most of the trees in both experiments, except the ones inoculated with P. 
cinnamomi, survived the duration of each trial even with large necrotic lesions on the 
main tap root. It is clear from reading the literature that Phytophthora root rot on chestnut 
and other tree species does not immediately result in death of an infected tree. Trees may 
take several years to die from below-ground infection and subsequent symptoms (Day 
1938).  The duration of the trials in both experiments and the experimental conditions 
may have attributed to the slow rate of disease progress and the lack of mortality in 
inoculated trees. In addition, there are many different factors in the natural environment 
that cannot be replicated in the greenhouse trials—including biological and 
environmental stresses that might be common in the chestnut’s native habitat—that may 
contribute to disease development in the forest. 
This research has shown conclusively the pathogenicity of three species of 
Phytophthora that previously have not been reported on American chestnut. 
Phytophthora cinnamomi is the most virulent species causing root rot on American 
chestnut; however, P. cambivora and P. cryptogea also are capable of causing disease on 
native tree species under conducive environmental conditions. Even though P. heveae 
was only weakly pathogenic to the American chestnut in this study, it may contribute to 
root rot or weaken and predispose chestnut trees to other infections. Phytophthora root rot 
of American chestnut in the forest ecosystem may be caused by multiple species—similar 
to the situation with chestnuts in Europe (Vannini and Vettraino 2001, Vettraino et al. 
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2001, 2005). Additional research is needed to determine the distribution of species of 
Phytophthora, particularly P. cinnamomi, in areas where chestnut trees are being planted 
or might be planted. The other pathogenic species of Phytophthora should be considered 
in screening backcross hybrid chestnuts for resistance. 
  
92 
Literature Cited 
Anagnostakis, S. L. 2001. The effect of multiple importations of pests and pathogens on a 
native tree. Biological Invasions 3:245-254.  
 
Anagnostakis, S. L. 2012. Chestnut breeding in the United States for disease and insect 
resistance.  Plant Disease 96:1392-1403. 
Ashe, W. W. 1911. Chestnut in Tennessee. Tennessee Geological Survey Bulletin 10-B, 
Tennessee Division of Geology, Nashville, TN. 
 
Balci, Y., Balci, S., Eggers, J., MacDonald, W. L., Juzwik, J., Long, R. P., and 
Gottschalk, K. W.  2007. Phytophthora spp. associated with forest soils in eastern and 
north-central U.S. oak ecosystems. Plant Disease 91:705-710. 
 
Benson, D. M., and Jones, R. K. 1980. Etiology of rhododendron dieback caused by four 
species of Phytophthora. Plant Disease 64:687-691.  
 
Brasier, C. M. 1996. Phytophthora cinnamomi and oak decline in southern Europe. 
Environmental constraints including climate change.  Annals of Forest Science 53:347-
358. 
 
Brosi, S. L., 2001. American chestnut seedling establishment in the Knobs and Eastern 
Coalfields Regions of Kentucky. M.S. Thesis. University of Kentucky, Lexington, 
Kentucky. 
 
Buttrick, P. L. 1925. Chestnut in North Carolina. Economic Paper 56. North Carolina 
Geological and Economic Survey:7-8. 
 
Campbell, J. H., and Coyle, D. R.  2016. Littleleaf Disease: Biology, Ecology, and 
Management in Southern Pines. Publication SREF-FH-007 | SREF-SPL-019. Southern 
Regional Extension Forestry, University of Georgia, Athens.  
http://southernforesthealth.net/general-health/littleleaf-disease/littleleaf-disease-biology-
ecology-and-management-in-southern-pines.  
 
Campbell, W. A., and Gallegly, M. E. 1965. Phytophthora heveae from eastern 
Tennessee and western North Carolina. Plant Disease Reporter 49:233-234. 
 
Campbell, W. A., and Hendrix, F. F. 1967. Pythium and Phytophthora species in forest 
soils in the southeastern United States. Plant Disease Reporter 51:929-932. 
 
Campbell, W. A., Gooding, G. V., and Haasis, F. A. 1963. The occurrence of 
Phytophthora cinnamomi in Kentucky, North Carolina, Tennessee, and Virginia. Plant 
Disease Reporter 47:924-926. 
93 
 
Clark, S. L., Schlarbaum, S. E., Pinchot, C. C., Anagnostakis, S. L., Saunders, M. R., 
Thomas-Van Gundy, M., Schaberg, P. G, McKenna, J., Bard, J. F., Berrangs, P. C., 
Casey, D. M, Casey, C. E., Crane, B., Jackson, B. D., Kochenderfer, J. D., Lewis, R. F., 
MacFarlane, R., Makowski, R., Miller, M. D., Rodrigue, J. A., Stelick, J., Thornton, C. 
D., Williamson, T. S. 2014. Reintroduction of American chestnut in the National Forest 
System. Journal of Forestry 112:502–512. 
 
Clark, S. L., Schlarbaum, S. E., Saxton, A. M., Hebard, F. V. 2016. Establishment of 
American chestnuts (Castanea dentata) bred for blight (Cryphonectria parasitica) 
resistance: Influence of breeding and nursery grading. New Forests 47:243–270.  
 
Crandall, B. S. 1936. Root disease of some conifers and hardwoods caused by 
Phytophthora cambivora (P. cinnamomi). Plant Disease Reporter 20:202-204. 
 
Crandall, B. S. 1950. The distribution and significance of the chestnut root rot 
Phytophthoras, P. cinnamomi and P. cambivora.  Plant Disease Reporter 34:194-196. 
 
Crandall, B. S., Gravatt, G. F., and Ryan, M. M. 1945. Root disease of Castanea species 
and some coniferous and broadleaf nursery stocks, caused by Phytophthora cinnamomi. 
Phytopathology 35:162-180. 
 
Crandall, B. S. and Gravatt, G. F. 1967a. The distribution of Phytophthora cinnamomi. 
Ceiba 13:43-53.  
 
Crandall, B. S. and Gravatt, G. F. 1967b. The distribution of Phytophthora cinnamomi. 
Part II—Geographic distribution. Ceiba 13:57-78.  
 
Day, W. R. 1938. Root rot of sweet chestnut and beech caused by species of 
Phytophthora. Forestry 12:101-116. 
 
Eisenmann, J. A. 2003. Identification, Pathogenicity, and Virulence of Isolates of 
Phytophthora nicotianae from Ornamental Plants. M.S. Thesis. Clemson University, 
Clemson, SC. 
 
Emerson, G. B. 1846. Report on the Trees and Shrubs Growing Naturally in the Forests 
of Massachusetts. Dutton and Wentworth, State Printers, Boston, MA. 
 
Erwin, D. C., and Ribeiro, O. K. 1996. Phytophthora Diseases Worldwide. The American 
Phytopathological Society, St. Paul, MN.  
 
Farr, D. F., and Rossman, A. Y. Fungal Databases, U.S. National Fungus Collections, 
ARS, USDA. Retrieved February 25, 2017, from https://nt.ars-grin.gov/fungaldatabases/ 
 
94 
Freinkel, S. 2007.  American Chestnut – The Life, Death, and Rebirth of a Perfect Tree.  
University of California Press, Berkeley, CA. 
 
Galindo, J. A., and Zentmyer, G. A. 1964. Mating types in Phytophthora cinnamomi. 
Phytopathology 54:238-239. 
 
Garbelotto, M., Hüberli, D., and Shaw, D.  2006.  First report on an infestation of 
Phytophthora cinnamomi in natural oak woodlands of California and its differential 
impact on two native oak species.  Plant Disease 90:685. 
 
Hansen, E. M. 2015. Phytophthora species emerging as pathogens of forest trees. Current 
Forestry Report 1:16-24.  
 
Hardham, A. R.  2005.  Phytophthora cinnamomi.  Molecular Plant Pathology 6:589-604. 
 
Hendrix, F. F., Campbell, W. A., and Chien, C. Y. 1971. Some Phycomycetes indigenous 
to soils of old growth forests. Mycologia 63:283-289. 
 
Hwang, J., Warfield, C. Y., Parker, K. C., and Benson, D. M. 2006. First report of 
Phytophthora cambivora on hybrid rhododendron in North Carolina. Online. Plant Health 
Progress doi:10.1094/PHP-2006-0828-01-BR. 
 
Hwang, J., Oak, S. W., and Jeffers, S. N. 2009. Monitoring occurrence and distribution of 
Phytophthora species in forest streams in North Caroling using baiting and filtration 
methods. Pages 91-95 in: Proceedings of the Fourth Meeting of the International Union 
of Forest Research Organizations (IUFRO) Working Party S07.02.09: Phytophthoras in 
Forests and Natural Ecosystems. Gen. Tech. Rep. PSW-GTR-221. E. M. Goheen and S. 
J. Frankel, tech. coords. USDA Forest Service, Pacific Southwest Research Station, 
Albany, CA. 
 
Ivors, K., ed.  2015. Laboratory Protocols for Phytophthora species.  APS Press, The 
American Phytopathological Society, St. Paul, MN. Online publication. 
http://apsjournals.apsnet.org/doi/pdf/10.1094/9780890544969.fm 
 
Jeffers, S. N.  2015b. Protocol 07-04.1: PARP(H)-V8A.  In: K. Ivors, ed.  Laboratory 
Protocols for Phytophthora species.  Online publication. 
http://dx.doi.org/10.1094/9780890544969.07.04.1pdf .  The American Phytopathological 
Society, St. Paul, MN. 
 
Jeffers, S. N.  2015c. Protocol 07-11.1: V8 agar (V8A) or broth.  In: K. Ivors, ed.  
Laboratory Protocols for Phytophthora species.  Online publication. 
http://dx.doi.org/10.1094/9780890544969.07.11..1.pdf.  The American Phytopathological 
Society, St. Paul, MN. 
 
95 
Jeffers, S. N., James, J. B. and Sisco, P. H. 2009. Screening for resistance to P. 
cinnamomi in hybrid seedlings of American chestnut. Pages 188-194 in: Proceedings of 
the Fourth Meeting of the International Union of Forest Research Organizations (IUFRO) 
Working Party S07.02.09: Phytophthoras in Forests and Natural Ecosystems. Gen. Tech. 
Rep. PSW-GTR-221. E. M. Goheen and S. J. Frankel, tech. coords. USDA Forest 
Service, Pacific Southwest Research Station, Albany, CA. 
 
Jeffers, S. N., Meadows, I. M., James, J. B., and Sisco, P. H.  2012.  Resistance to 
Phytophthora cinnamomi among seedlings from backcross families of hybrid American 
chestnut. Pages 194-195 in: Proceedings of the Fourth International Workshop on the 
Genetics of Host-Parasite Interactions in Forestry: Disease and Insect Resistance in 
Forest Trees. R. A. Sniezko, A. D. Yanchuk, J. T. Kliejunas, K. M. Palmieri, J. M. 
Alexander, and S. J. Frankel, tech. coords. Gen. Tech. Rep. PSW-GTR-240. USDA 
Forest Service, Pacific Southwest Research Station, Albany, CA. 
 
Kuhlman, E. G. 1978. The devastation of American chestnut by blight. Pages 1-3 in: 
Proceedings of the American Chestnut Symposium. W. L. MacDonald, F. C. Cech, J. 
Luchock, and C. Smith, eds. West Virginia University Press, Morgantown, WV.  
 
Manning, W. J., and Crossan, D. F. 1966. Variation in degree of pathogenicity of isolates 
of Phytophthora cinnamomi to cultivars of Taxus. Plant Disease Reporter 50:84-87. 
 
Meadows, I. M., Zwart, D. C., Jeffers, S. N., Waldrop, T. A., and Bridges, W. C., Jr. 
2011. Effects of fuel reduction treatments on incidence of Phytophthora species in soil of 
a southern Appalachian Mountain forest. Plant Dis. 95:811-820. 
 
Mehrlich, F. P. 1936. Pathogenicity and variation in Phytophthora species causing heart 
rot of pineapple plants. Phytopathology 26:23-43. 
 
Merkel, H. W. 1906. A deadly fungus on the American chestnut. Tenth Annual Report of 
the N.Y. Zoological Society, 1905:96-103. 
 
Milburn M., and Gravatt, G. F. 1932. Preliminary Note on a Phytophthora Root Disease 
of Chestnut. Phytopathology 22: 977-978. 
 
Perlerou, C., Tziros, G., Vettraino, A. M., and S. Diamandis.  2010.  Phytophthora 
cryptogea causing ink disease of Castanea sativa newly reported in Greece.  Plant 
Pathology 59:799. 
 
Pinchot, C. C., Schlarbaum, S. E., Clark, S. L., Saxton, A. M., Sharp, A. M., Schweitzer, 
C. J., and Hebard, F. V.  2017.  Growth, survival, and competitive ability of chestnut 
(Castanea Mill.) seedlings planted across a gradient of light levels.  Online publication.  
New Forests. DOI 10.1007/s11056-017-9577-5. 
 
96 
Roiger, D. J., and Jeffers, S. N.  1991.  Evaluation of Trichoderma species for biological 
control of Phytophthora crown and root rot of apple seedlings.  Phytopathology 
81:910-917. 
 
Russell, E. W. B. 1987. Pre-blight distribution of Castanea dentata (Marsh.) Borkh. 
Bulletin of the Torrey Botanical Club. 114:183-190. 
 
Sharpe, S. R., Jeffers, S. N., and, and Clark, S. L.  2016.  Four species of Phytophthora 
recovered from roots of American and hybrid chestnut seedlings and associated soils in 
the southeastern US. (Abstract) Phytopathology 106 (Suppl. 4):104. 
 
Tainter, F. H., O’Brien, J. G., Hernández, A., Orozco, F., and Rebolledo, O. 2000. 
Phytophthora cinnamomi as a cause of oak mortality in the state of Colima, Mexico. 
Plant Disease 84:394-398. 
 
Torgeson, D. C. 1954. Root rot of Lawson cypress and other ornamentals caused by 
Phytophthora cinnamomi. Proc. Boyce Thompson Inst. 17:359-373. 
 
Vannini, A., and Vettraino, A.M., 2001. Ink disease in chestnuts: Impact on the European 
chestnut. Forest Snow and Landscape Research 76:345-350. 
 
Vettraino, A.M., Natili, G., Anselmi, N., and Vannini, A. 2001. Recovery and 
pathogenicity of Phytophthora species associated with a resurgence of ink disease in 
Castanea sativa in Italy. Plant Pathology 50:90-96. 
 
Vettraino, A. M., Morel, O., Perlerou, C., Robin, C., Diamandis, S., and Vannini A. 2005. 
Occurrence and distribution of Phytophthora species in European chestnut stands, and 
their association with ink disease and crown decline. European Journal of Plant 
Pathology 111:169-180. 
 
Wood, A. K. 2002. The Role of Phytophthora Species in Forest Ecosystems in the 
Southeastern United States and Mexico. M.S. thesis. Clemson University, Clemson, SC. 
 
Wicks, T. J., and Volle, D.  1976.  Phytophthora wilt of chestnuts in South Australia.  
Plant Disease Reporter 60:700-702. 
 
Wood, A. K., and Tainter, F. H.  2002.  First report of Phytophthora cinnamomi on 
Quercus laurifolia.  Plant Disease 86:441. 
 
Zentmyer, G. A. 1976. Distribution of the A1 mating type of Phytophthora cinnamomi. 
Phytopathology 66:701-703. 
 
Zentmyer, G. A. 1980. Phytophthora cinnamomi and the Diseases It Causes. Monograph 
No. 10. The American Phytopathological Society, St. Paul, MN
97 
 
Table 3.1. Geographic sources of the eight isolates from four species of Phytophthora that were evaluated  
for pathogenicity to American and Chinese chestnut seedlings in a greenhouse experiment 
  Geographic sourcea 
Species and treatment name Isolate no. State County 
P. cinnamomi JJ-1b SC y Oconee 
P. cambivora-NC 38364 NC Graham 
P. cambivora-TN1 28644c TN Carter 
P. cambivora-TN2 73432c TN Carter 
P. cambivora-VA1 39157 VA Giles 
P. cambivora-VA2 Midwest VA Augusta* 
P. heveae 28537 NC Graham 
P. cryptogea D4-27-124 SC Oconee 
a All isolates originally were recovered from roots of diseased chestnut seedlings in test plots or a nursery (*). 
b Positive control: Standard isolate of P. cinnamomi that was known to be virulent to American chestnut.  
c Two morphologically different isolates of P. cambivora from Carter Co., TN.
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Table 3.2. Pathogenicity of eight isolates from four species of Phytophthora to American and Chinese chestnut seedlings 
growing in a greenhousea 
 American chestnut seedlings  Chinese chestnut seedlings 
    P > Fd    P > Fd 
Treatment 
Tap roots 
with lesions 
(no.)b 
Pathogen 
isolation 
(no.)c 
Root rot 
(%)e 
Fresh root 
wt. (g) 
 
Tap roots 
with lesions 
(no.)b 
Pathogen 
isolation 
(no.)c 
Root rot 
(%)e 
Fresh root 
wt. (g) 
Non-inoculated control 0/10 0/10 1.0000 1.0000  0/10 0/10 1.0000 1.0000 
P. cinnamomi 10/10 10/10 <0.0001 <0.0001  4/10 7/10 <0.0001 0.3428 
P. cryptogea 7/10 10/10 0.0063 1.0000  1/10 10/10 0.9929 1.0000 
P. cambivora-VA2 5/10 7/10 0.0001 0.5331  2/10 5/10 0.2362 0.9998 
P. cambivora-VA1 3/10 5/10 0.0195 1.0000  0/10 1/10 0.9998 1.0000 
P. cambivora-TN1 5/10 6/10 0.1151 0.9990  0/10 2/10 1.0000 0.9980 
P. cambivora-TN2 4/10 5/10 0.1163 1.0000  0/10 5/10 0.8516 0.9998 
P. cambivora-NC 2/10 8/10 0.1739 0.8991  0/10 2/10 0.8516 1.0000 
P. heveae 2/10 9/10 0.8872 0.9998  0/10 5/10 1.0000 0.9670 
Χ2 f All treatments 0.0001 <0.0001    0.0055 <0.0001   
Χ2 g Inoculated treatments 0.0021 0.0251    0.0094 0.0008   
99 
a All results are based on 10 replicate seedlings per treatment: five replicate seedlings/treatment in each of two trials, which 
were combined for analyses. 
b Number of seedlings with lesions on the main tap root. 
c Number of seedlings from which Phytophthora sp. was isolated from the roots at the end of a trial. 
d Probability of greater F-values occurring in analyses of variance for comparisons of each treatment with the non-inoculated 
control treatment using Dunnett’s test. 
e Root rot is the mean percentage of roots with visible symptoms based on a standard rating scale—see text. Data are 
presented in Figs. 1 and 2. 
f Chi-square statistics with 8 degrees of freedom comparing all nine treatments. 
g Chi-square statistics with 7 degrees of freedom comparing the eight treatments in which seedlings were inoculated with 
Phytophthora spp. 
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Table 3.3. Nine treatments were used to compare virulence of Phytophthora cinnamomi to P. cambivora on American  
chestnut seedlings using isolates recovered from roots of or soils associated with diseased chestnut seedlings growing in  
forest test plots or a nursery in four southeastern statesa 
Species  Treatment 
Isolates in treatment  Source of isolates 
Total (no.) Isolate nos.  Substrate State County 
P. cinnamomi  P.cin-Standardb 2 JJ-1, JJ-52  Roots SC Oconee 
P. cinnamomi  P.cin-Root-NC 3 28955, 39359, 39382  Roots NC Graham 
P. cinnamomi  P.cin-Root-TN 3 28370  Roots TN Carter 
   36048, 36924  Roots TN Cocke 
P. cinnamomi  P.cin-Root-VA 3 35834  Roots VA Wise 
   28661, 39360  Roots VA Giles 
P. cinnamomi  P.cin-Soil 3 AB-20  Soil TN Cocke 
   KF- Bottom  Soil VA Giles 
   EF- Bottom  Soil NC Clay 
P. cambivora  P.cam-Root-NC 3 38364, 38876, No Tag 2  Roots NC Graham 
P. cambivora  P.cam-Root-TN1 3 28904, 38848, 73224  Roots TN Carter 
P. cambivora  P.cam-Root-TN2c 2 28644, 28660  Roots TN Carter 
P. cambivora  P.cam-Nurseryd 4 Midwest  Roots VA Augusta 
   Midnorth, Medmid, Southwest  Soil VA Augusta 
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a Each treatments was a mixture of two to four isolates usually from a similar substrate and a single geographic location. 
Inoculum for each treatment was used to inoculate five American chestnut seedlings in each of two trials in a greenhouse 
experiment; therefore, 10 seedlings were used for each treatment for both trials combined.  
b Standard treatment: Composed of two isolates known to be pathogenic to American chestnut seedlings (Jeffers et al. 2009, 
2012).  
c This treatment was composed of two isolates of P. cambivora that differed morphologically from other isolates of this 
species that were recovered in Carter Co., TN. 
d Isolates of P. cambivora from Virginia came from a nursery that grew chestnut seedlings for transplanting into test plots.  
 
  
102 
Table 3.4. Virulence of five treatments composed of Phytophthora cinnamomi isolates and four treatments composed  
of P. cambivora isolates from different geographical locations to American chestnut seedlings in the greenhousea 
Treatment  
Lesion height 
(cm)b 
 
Root rot  
(%)c 
 
Survival time 
(week)d 
 
Pathogen 
isolation (no.)e 
P. cin-Soil  5.8 a  90.7 a  6.5 b  10/10 
P. cin-Standard  4.0 ab  89.6 a  6.7 b  10/10 
P. cin-Root-NC  2.9 bc  87.7 a  6.5 b  10/10 
P. cin-Root-VA  2.5 bcd  83.7 a  6.6 b  10/10 
P. cin-Root-TN2  2.3 bcd  87.1 a  6.3 b  10/10 
P. cam-Root-NC  1.2 bcd  15.5 b  12.0 a  5/10 
P. cam-Nursery  1.0 cd  21. 5 b  12.0 a  4/10 
P. cam-Root-TN1  0.6 cd  25.5 b  12.0 a  9/10 
P. cam-Root-TN2  0.5 cd  29.5 b  11.7 a  7/10 
Non-inoculated control  0 d  17.9 b  11.3 a  0/10 
LSD valuesf  2.8  19.7  1.2   
Χ2 for all treatmentsg        <0.0001 
Χ2 for inoculated treatmentsh        <0.0001 
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  Orthogonal contrasts for root rot severityi  F  P > Fg     
Control vs. inoculated  31.0029  <0.0001     
P. cinnamomi vs. P. cambivora  190.1642  <0.0001     
P. cinnamomi contrasts         
   Standard vs. roots (NC, TN, VA), soil  0.0872  0.7684     
   Roots (NC, TN, VA) vs. soil  0.2143  0.6445     
   Roots: VA vs. TN, NC  0.1861  0.6672     
   Roots: TN vs. NC  0.0037  0.9518     
P. cambivora contrasts         
   Nursery (VA) vs. forest (NC, TN1, TN2)  0.0622  0.8036     
   NC vs. TN1, TN2  1.9409  0.1670     
   TN1 vs TN2  0.1631  0.6873     
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a Each treatment was composed of two to four isolates; isolates were recovered from roots of diseased plant or from associated 
with diseased plants. Two independent trials were conducted with five seedlings inoculated with each treatment in each trial; 
data were combined for analyses. 
b Height above the soil line of any lesion that progressed up the main stem of a seedling. 
c Root rot is the percentage of roots with visible symptoms based on a standard rating scale—see text. 
d Number of weeks a seedling survived; some seedlings did not die so survived the 12-week duration of each trial. 
e Number of seedlings out of 10 from which Phytophthora sp. was isolated from the roots at the end of a trial. 
f Means of treatments in the first three datum columns followed by the same letter are not significantly different based on 
Fisher’s Protected Least Significant Difference (LSD) with α = 0.05. 
g Chi-square statistics with 9 degrees of freedom comparing means of all ten treatments. 
h Chi-square statistics with 8 degrees of freedom comparing means of the nine treatments in which seedlings were inoculated 
with Phytophthora spp. 
i Single-degree-of-freedom orthogonal contrasts comparing the virulence of specific treatments using root rot severity data: 
Calculated F statistic for each contrast and the probability of a greater F statistic occurring (P >F). 
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Figure 3.1. Mean percentage of roots on American and Chinese chestnut seedlings with root rot symptoms after plants were 
grown in container mix that was not infested (non-inoculated) or was artificially infested with eight different isolates from four 
species of Phytophthora. Seedlings were flooded periodically to enhance disease development.  * = Isolates that are 
significantly different from the non-inoculated control based on Dunnett’s test (P ≤ 0.05)—see Table 3.2. Error bars are 
standard errors.  
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CHAPTER 4 
CONCLUSION 
 
 This is the first study to find multiple species of Phytophthora associated with the 
American chestnut. Phytophthora cinnamomi was recovered the most frequently from 
forest test plots, and the results of the pathogenicity and virulence trials supported its 
description as a destructive species to the American chestnut. Three mycelium growth 
habits on PARPH-V8 were represented in this population of isolates of P. cinnamomi 
revealing phenotypic diversity. Isolates with the sparse mycelium growth habit formed a 
separate clade from isolates with the aerial and appressed mycelium growth habit based 
on sequences of the rps10 gene. This correlation supports the findings by Simon G. I. 
Schreier—another MS Thesis conducted in our lab—using a population of P. cinnamomi 
isolates from ornamental plants. To our knowledge, our combined results are the first 
time phenotypic data has been correlated with genotypic data in this species.  Further 
work should be conducted to determine if isolates from the different phenotypic groups 
grow similarly on non-amended media.  
The second most frequently recovered species was P. cambivora. Phytophthora 
cambivora has been documented for many years as a pathogen of European chestnut.  
However, this is first time it has been found associated with American chestnut and its 
does not appear to be widely distributed in the forests of the southeastern US based on 12 
years of surveys in forest ecosystems conducted for P. ramorum and other species of 
Phytophthora by the Jeffers lab team at Clemson University. However, this species has 
been found in forest soils in Ohio and Pennsylvania and in rhododendron nurseries in 
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western North Carolina. This raises the question of what is the source of primary 
inoculum for P, cambivora at the field sites where this pathogen occurred.  
Even though there were not consistent results in the pathogenicity trial among 
treatments of P. cambivora, it caused severe damage to the roots and death of American 
chestnut trees. Phytophthora cambivora is unarguably a species of concern to the 
backcross breeding efforts to restore the American chestnut to eastern forests. 
Interestingly, both mating types were recovered in the forest test plots. Studies to 
determine if there is a difference in virulence of the two mating types to the American 
chestnut should be conducted. Also, the majority of the population of P. cambivora 
isolates had ambiguities at two base pairs in ITS sequences, including four of the nursery 
isolates; however, these ambiguities were not present in sequences of the standard isolate 
(NY.114) of P. cambivora. The cox1 region also had ambiguities at two base pairs in the 
sequence; the standard isolate and one nursery isolate did not have these ambiguities. 
These isolates might be a genetically distinct subpopulation of P. cambivora.  
Phytophthora heveae was recovered less frequently from roots and soils of trees 
in the forest sites. In fact, all isolates came from forest sites in Graham Co. in North 
Carolina. This is the same general area where P. heveae was found in soil in previous 
studies—eastern Tennessee and western North Carolina in 1965 and 1971.  This area is 
not too far from the Lake Jocassee area of South Carolina and the Hendersonville area of 
North Carolina where P. heveae also has been reported in soil and stream water between 
2000 and 2011 in studies conducted by people in our lab. Therefore, P. heveae appears to 
be established in a relatively delimited area in these three states. So, how did a species 
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typically associated with tropical plants (e.g., kauri tree, rubber plant, coconut, and 
avocado) become established in this mountain habitat? Perhaps it, too, was brought to 
North America along with plants from Asia when this continent was colonized several 
hundred years ago —as is speculated for P. cinnamomi, In the pathogenicity experiment, 
P. heveae still proved to be capable of infecting and causing necrotic lesions on root 
systems of the American chestnut seedlings; however, it was a weak pathogen compared 
to the other species evaluated. Its role in the forests of North Carolina has not been 
determined, but it has been associated with contributing to the decline of rhododendron in 
nurseries in this part of North Carolina. This species does not appear to be of primary 
concern for pathogenicity to the American chestnut, but it may contribute to disease 
severity as a secondary pathogen or in a pathogen complex.  
Phytophthora cryptogea caused considerable damage to American chestnut 
seedlings under greenhouse conditions. On some inoculated seedlings, roots had severe 
necrotic lesions that covered the entire tap root. So far, this species has been not 
recovered in forest sites, but it has been found in other countries causing serious damage 
to chestnut trees. Therefore, if this species is found in any potential planting sites in the 
eastern US, these sites should not be planted with American or backcross hybrid chestnut 
seedlings. In the future, chestnut breeding programs should consider incorporating this 
species into the screening process because it does have the potential to cause significant 
damage to roots of American chestnut. 
The results from this project have furthered the understanding of Phytophthora 
root rot on American chestnut, and I sincerely hope that the findings will contribute to 
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efforts in restoring the American chestnut to its native habitat in eastern forests. It is 
critical for potential chestnut planting sites to be tested for the presence of Phytophthora 
spp. until a resistant American chestnut backcross hybrid can be developed.  There are at 
least three species that will cause disease on the American chestnut and planting in sites 
with any of these should be avoided. Currently, American chestnut backcross hybrid trees 
are being tested for susceptibility to P. cinnamomi. Including isolates of P. cambivora 
and P. cryptogea in the screening process should insure that one day American chestnut 
backcross hybrid trees will be resistant to all species of Phytophthora capable of causing 
root rot, and this will improve their chance of survival in the forest environment.
110 
 
 
 
 
 
 
 
APPENDICES 
  
* 
111 
APPENDIX A 
All field and nursery isolates of Phytophthora species used in this study: Morphological and physiological characters, species 
identification, and geographic information; nd = not determined – data for the morphological or physiological character was 
not measured or determined for the isolate 
Species 
 
Sample 
 
Substrate 
 
Mating 
type 
 Mefenoxam 
sensitivity 
score 
 
Sporangia 
(no.) 
 Mycelium 
growth 
habit 
 
County 
 
State 
        
        
P. cambivora  28278  soil  A1  2.7  42.3  aerial  Giles  Virginia 
P. cambivora  28325  soil  A1  2.0  18.3  aerial  Carter  Tennessee 
P. cambivora  28427  soil  A1  2.3  10.0  aerial  Carter  Tennessee 
P. cambivora  28514  soil  A2  1.6  6.0  aerial  Giles  Virginia 
P. cambivora  28552  roots  A1  3.0  20.0  aerial  Carter  Tennessee 
P. cambivora  28597  soil  A1  2.7  60.0  aerial  Carter  Tennessee 
P. cambivora  28628  roots  A1  2.0  42.7  aerial  Carter  Tennessee 
P. cambivora  28644  roots  A2  2.0  28.0  appressed  Carter  Tennessee 
P. cambivora  28660  roots  A2  2.7  3.3  appressed  Carter  Tennessee 
P. cambivora  28696  soil  A1  2.7  15.0  aerial  Giles  Virginia 
P. cambivora  28785  soil  A1  2.7  47.7  aerial  Graham  North Carolina 
P. cambivora  28847  roots  A1  3.0  2.0  aerial  Carter  Tennessee 
P. cambivora  28876  roots  A1  3.0  1.7  aerial  Carter  Tennessee 
P. cambivora  28904  roots  A1  1.3  15.0  aerial  Carter  Tennessee 
P. cambivora  28929  roots  A1  3.0  108.0  aerial  Carter  Tennessee 
P. cambivora  36642  roots  A2  1.0  9.7  aerial  Cocke  Tennessee 
P. cambivora  38190  roots  A2  2.0  4.3  appressed  Carter  Tennessee 
P. cambivora  38193  soil  A2  2.0  3.0  appressed  Carter  Tennessee 
P. cambivora  38278  soil  A1  1.7  22.7  aerial  Carter  Tennessee 
P. cambivora  38289  soil  A2  2.0  9.7  appressed  Giles  Virginia 
P. cambivora  38364  roots  A1  3.0  40.7  aerial  Graham  North Carolina 
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P. cambivora  38803  soil  A1  3.0  59.3  aerial   Giles  Virginia 
P. cambivora  38848  roots  A1  1.7  59.7  aerial   Carter  Tennessee 
P. cambivora  38876  roots  A1  3.3  46.7  aerial   Graham  North Carolina 
P. cambivora  38876  soil  A1  3.0  14.0  aerial  Graham  North Carolina 
P. cambivora  38992  soil  A1  3.0  1.7  aerial  Giles  Virginia 
P. cambivora  38995  soil  A1  3.0  77.0  aerial  Graham  North Carolina 
P. cambivora  39014  roots  A1  3.0  16.3  aerial  Carter  Tennessee 
P. cambivora  39062  soil  A1  3.0  8.0  aerial  Graham  North Carolina 
P. cambivora  39157  roots  A1  3.0  22.7  aerial  Giles  Virginia 
P. cambivora  39359  soil  A1  2.3  60.0  aerial  Graham  North Carolina 
P. cambivora  39574  roots  A1  0.7  1.3  aerial  Giles  Virginia 
P. cambivora  73127  soil  A1  2.7  56.7  aerial  Graham  North Carolina 
P. cambivora  73162  roots  A1  3.0  13.3  aerial  Carter  Tennessee 
P. cambivora  73224  roots  A1  1.7  53.0  aerial  Carter  Tennessee 
P. cambivora  73386  soil  A1  3.0  46.0  aerial  Carter  Tennessee 
P. cambivora  73432  roots  A2  2.0  69.7  aerial  Carter  Tennessee 
P. cambivora  73442  soil  A1  3.0  9.7  aerial  Carter  Tennessee 
P. cambivora  73449  roots  A1  3.3  58.7  aerial  Carter  Tennessee 
P. cambivora  93070  soil  A1  2.7  24.3  aerial  Carter  Tennessee 
P. cambivora  93116  soil  A1  3.0  42.0  aerial  Graham  North Carolina 
P. cambivora  93118  roots  A1  2.3  21.7  aerial  Carter  Tennessee 
P. cambivora  93126  soil  A1  3.0  28.0  aerial  Giles  Virginia 
P. cambivora  93148  soil  A2  3.0  31.0  aerial  Carter  Tennessee 
P. cambivora  93155  roots  A1  2.7  34.0  aerial  Carter  Tennessee 
P. cambivora  93155  soil  A1  3.0  13.3  aerial  Carter  Tennessee 
P. cambivora  93195  roots  A1  3.0  79.0  aerial  Graham  North Carolina 
P. cambivora  93195  soil  A1  3.0  72.0  aerial  Graham  North Carolina 
P. cambivora  Heb DOF  roots  A1  4.0  nd  nd  Augusta  Virginia 
P. cambivora  Heb NW  soil  A1  1.3  nd  nd  Augusta  Virginia 
P. cambivora  Medmid  soil  A1  4.0  17.7  aerial  Augusta  Virginia 
P. cambivora  Midnorth  soil  A1  0.7  nd  aerial  Augusta  Virginia 
P. cambivora  Midsouth  soil  nd  3.3  3.7  nd  Augusta  Virginia 
P. cambivora  MidSouth  soil  A1  3.7  nd  nd  Augusta  Virginia 
P. cambivora  Midwest  roots  A1  3.0  nd  aerial  Augusta  Virginia 
P. cambivora  No Tag 2  roots  A1  3.0  89.3  aerial  Graham  North Carolina 
P. cambivora  PC 1017  roots  nd  3.0  nd  nd  Augusta  Virginia 
113 
P. cambivora  Southwest  soil  A1  2.0  5.3  aerial  Augusta  Virginia 
                 
P. cinnamomi  28198  soil  A2  1.0  10.3  aerial  Carter  Tennessee 
P. cinnamomi  28370  roots  A2  2.0  3.7  appressed  Carter  Tennessee 
P. cinnamomi  28419  soil  A2  1.0  1.7  aerial  Carter  Tennessee 
P. cinnamomi  28463  soil  A2  1.3  7.7  appressed  Graham  North Carolina 
P. cinnamomi  28480  soil  A2  1.3  13.3  aerial  Graham  North Carolina 
P. cinnamomi  28513  soil  A2  1.0  13.0  appressed  Giles  Virginia 
P. cinnamomi  28514  roots  A2  1.3  6.0  appressed  Giles  Virginia 
P. cinnamomi  28579  soil  A2  1.0  7.0  appressed  Giles  Virginia 
P. cinnamomi  28661  roots  A2  1.0  18.3  aerial  Giles  Virginia 
P. cinnamomi  28661  soil  A2  1.3  11.3  aerial  Giles  Virginia 
P. cinnamomi  28723  soil  A2  1.3  12.7  appressed  Carter  Tennessee 
P. cinnamomi  28753  roots  A2  1.0  6.7  aerial  Giles  Virginia 
P. cinnamomi  28755  soil  A2  1.0  9.7  appressed  Giles  Virginia 
P. cinnamomi  28755  roots  A2  1.3  14.0  appressed  Giles  Virginia 
P. cinnamomi  28796  roots  A2  1.0  4.7  appressed  Graham  North Carolina 
P. cinnamomi  28892  soil  A2  1.0  2.0  appressed  Carter  Tennessee 
P. cinnamomi  28945  roots  A2  1.0  30.7  aerial  Graham  North Carolina 
P. cinnamomi  28945  soil  A2  1.0  2.7  aerial  Graham  North Carolina 
P. cinnamomi  28955  roots  A2  1.0  5.7  aerial  Graham  North Carolina 
P. cinnamomi  28955  soil  A2  1.0  8.0  aerial  Graham  North Carolina 
P. cinnamomi  35576  roots  A2  1.0  34.0  aerial  Cocke  Tennessee 
P. cinnamomi  35576  soil  A2  1.0  6.0  aerial  Cocke  Tennessee 
P. cinnamomi  35704  soil  A2  1.0  15.7  aerial  Cocke  Tennessee 
P. cinnamomi  35707-1  nd  A2  1.3  10.7  aerial  Cocke  Tennessee 
P. cinnamomi  35707-2  nd  A2  1.3  28.0  aerial  Cocke  Tennessee 
P. cinnamomi  35723  roots  A2  1.0  21.3  aerial  Cocke  Tennessee 
P. cinnamomi  35773  roots  A2  0.7  12.3  aerial  Wise  Virginia 
P. cinnamomi  35773  soil  A2  1.0  11.0  aerial  Wise  Virginia 
P. cinnamomi  35777  roots  A2  1.0  14.0  aerial  Cocke  Tennessee 
P. cinnamomi  35789  soil  A2  1.0  14.7  aerial  Cocke  Tennessee 
P. cinnamomi  35834  roots  A2  1.0  22.7  aerial  Wise  Virginia 
P. cinnamomi  35834  soil  A2  0.7  6.3  aerial  Wise  Virginia 
P. cinnamomi  35837  roots  A2  1.7  7.7  aerial  Cocke  Tennessee 
P. cinnamomi  35837  soil  A2  1.7  7.0  aerial  Cocke  Tennessee 
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P. cinnamomi  35862  soil  A2  1.3  6.0  aerial  Wise  Virginia 
P. cinnamomi  36031  roots  A2  1.3  14.7  aerial  Cocke  Tennessee 
P. cinnamomi  36047  roots  A2  1.0  13.0  aerial  Cocke  Tennessee 
P. cinnamomi  36048  roots  A2  1.3  6.7  aerial  Cocke  Tennessee 
P. cinnamomi  36048  soil  A2  1.0  7.7  aerial  Cocke  Tennessee 
P. cinnamomi  36055  roots  A2  1.0  6.3  aerial  Cocke  Tennessee 
P. cinnamomi  36057  soil  A2  1.3  2.7  aerial  Wise  Virginia 
P. cinnamomi  36057  roots  A2  1.0  9.3  aerial  Wise  Virginia 
P. cinnamomi  36071  soil  A2  2.0  8.3  aerial  Cocke  Tennessee 
P. cinnamomi  36098  soil  A2  1.7  4.7  aerial  Wise  Virginia 
P. cinnamomi  36118  soil  A2  1.0  9.0  aerial  Cocke  Tennessee 
P. cinnamomi  36159  soil  A2  1.0  4.0  aerial  Cocke  Tennessee 
P. cinnamomi  36174  roots  A2  1.3  6.7  aerial  Cocke  Tennessee 
P. cinnamomi  36174  soil  A2  1.0  6.0  aerial  Cocke  Tennessee 
P. cinnamomi  36354  soil  A2  1.3  2.7  aerial  Wise  Virginia 
P. cinnamomi  36403  roots  A2  1.3  4.0  aerial  Wise  Virginia 
P. cinnamomi  36403  soil  A2  1.0  5.3  aerial  Wise  Virginia 
P. cinnamomi  36459  soil  A2  1.3  8.7  aerial  Cocke  Tennessee 
P. cinnamomi  36514  roots  A2  1.3  19.0  aerial  Cocke  Tennessee 
P. cinnamomi  36525  roots  A2  1.0  11.0  aerial  Wise  Virginia 
P. cinnamomi  36525  soil  A2  1.0  4.7  aerial  Wise  Virginia 
P. cinnamomi  36557  soil  A2  1.3  6.3  aerial  Wise  Virginia 
P. cinnamomi  36557  roots  A2  1.0  2.0  aerial  Wise  Virginia 
P. cinnamomi  36615  soil  A2  1.0  9.7  aerial  Cocke  Tennessee 
P. cinnamomi  36642  soil  A2  1.7  4.0  aerial  Cocke  Tennessee 
P. cinnamomi  36701  roots  A2  1.7  8.7  aerial  Cocke  Tennessee 
P. cinnamomi  36710  soil  A2  1.0  9.0  aerial  Wise  Virginia 
P. cinnamomi  36734  soil  A2  1.3  19.3  aerial  Cocke  Tennessee 
P. cinnamomi  36735  roots  A2  1.3  8.0  aerial  Cocke  Tennessee 
P. cinnamomi  36735  soil  A2  1.3  6.7  aerial  Cocke  Tennessee 
P. cinnamomi  36740  soil  A2  1.3  6.7  aerial  Cocke  Tennessee 
P. cinnamomi  36750  roots  A2  1.0  6.7  aerial  Cocke  Tennessee 
P. cinnamomi  36750  soil  A2  1.3  2.7  aerial  Cocke  Tennessee 
P. cinnamomi  36757  roots  A2  1.0  48.7  aerial  Wise  Virginia 
P. cinnamomi  36757  soil  A2  1.0  7.0  aerial  Wise  Virginia 
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P. cinnamomi  36763  roots  A2  1.3  8.7  aerial  Cocke  Tennessee 
P. cinnamomi  36763  soil  A2  1.0  13.3  aerial  Cocke  Tennessee 
P. cinnamomi  36789  soil  A2  1.3  12.0  aerial  Wise  Virginia 
P. cinnamomi  36791  soil  A2  1.3  26.0  aerial  Cocke  Tennessee 
P. cinnamomi  36824  roots  A2  1.0  30.0  aerial  Wise  Virginia 
P. cinnamomi  36824  soil  A2  1.0  19.7  aerial  Wise  Virginia 
P. cinnamomi  36852  soil  A2  1.0  5.0  aerial  Cocke  Tennessee 
P. cinnamomi  36924  roots  A2  1.0  1.3  aerial  Cocke  Tennessee 
P. cinnamomi  36924  soil  A2  1.3  20.7  aerial  Cocke  Tennessee 
P. cinnamomi  38067  soil  A2  1.3  6.3  appressed  Giles  Virginia 
P. cinnamomi  38190  soil  A2  1.7  4.3  appressed  Carter  Tennessee 
P. cinnamomi  38362  soil  A2  1.0  5.7  aerial  Graham  North Carolina 
P. cinnamomi  38564  soil  A2  1.3  6.0  appressed  Giles  Virginia 
P. cinnamomi  38712  roots  A2  1.0  15.7  aerial  Giles  Virginia 
P. cinnamomi  38712  soil  A2  1.7  8.3  appressed  Giles  Virginia 
P. cinnamomi  39141  soil  A2  1.3  3.0  aerial  Graham  North Carolina 
P. cinnamomi  39157  soil  A2  2.0  5.3  appressed  Giles  Virginia 
P. cinnamomi  39158  soil  A2  1.7  0.7  appressed  Graham  North Carolina 
P. cinnamomi  39219  soil  A2  1.3  10.0  appressed  Graham  North Carolina 
P. cinnamomi  39240  soil  A2  1.0  26.3  aerial  Graham  North Carolina 
P. cinnamomi  39306  soil  A2  1.0  3.7  aerial  Graham  North Carolina 
P. cinnamomi  39359  roots  A2  2.0  19.3  appressed  Graham  North Carolina 
P. cinnamomi  39360  soil  A2  2.3  12.3  aerial  Giles  Virginia 
P. cinnamomi  39360  roots  A2  2.3  4.3  appressed  Giles  Virginia 
P. cinnamomi  39366  roots  A2  1.3  46.7  aerial  Carter  Tennessee 
P. cinnamomi  39380  soil  A2  1.0  16.0  aerial  Graham  North Carolina 
P. cinnamomi  39382  roots  A2  1.7  8.3  aerial  Graham  North Carolina 
P. cinnamomi  39382  soil  A2  1.7  17.0  aerial  Graham  North Carolina 
P. cinnamomi  39385  roots  A2  2.0  2.7  appressed  Carter  Tennessee 
P. cinnamomi  39385  soil  A2  2.3  23.0  appressed  Carter  Tennessee 
P. cinnamomi  39390  roots  A2  1.7  40.0  appressed  Carter  Tennessee 
P. cinnamomi  39514  soil  A2  1.0  5.0  aerial  Graham  North Carolina 
P. cinnamomi  73123  roots  A2  1.0  29.7  aerial  Carter  Tennessee 
P. cinnamomi  73137  soil  A2  1.3  3.3  appressed  Graham  North Carolina 
P. cinnamomi  73181  soil  A2  1.3  35.0  appressed  Giles  Virginia 
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P. cinnamomi  73238  soil  A2  1.0  15.7  aerial  Graham  North Carolina 
P. cinnamomi  73434  roots  A2  1.3  17.3  aerial  Giles  Virginia 
P. cinnamomi  90104  roots  A2  1.3  9.7  aerial  Wise  Virginia 
P. cinnamomi  90405  soil  A2  1.0  26.7  aerial  Wise  Virginia 
P. cinnamomi  90428  roots  A2  1.0  20.7  aerial  Clay  North Carolina 
P. cinnamomi  90428  soil  A2  1.3  8.7  appressed  Clay  North Carolina 
P. cinnamomi  90442  soil  A2  0.7  6.7  aerial  Wise  Virginia 
P. cinnamomi  90532  soil  A2  1.0  18.7  aerial  Wise  Virginia 
P. cinnamomi  90671  soil  A2  1.3  2.0  aerial  Wise  Virginia 
P. cinnamomi  90833  soil  A2  1.0  1.7  aerial  Wise  Virginia 
P. cinnamomi  90884  soil  A2  1.0  1.7  aerial  Wise  Virginia 
P. cinnamomi  90984  soil  A2  1.3  19.0  aerial  Wise  Virginia 
P. cinnamomi  91067  soil  A2  1.0  2.7  aerial  Wise  Virginia 
P. cinnamomi  91220  soil  A2  1.0  0.3  aerial  Wise  Virginia 
P. cinnamomi  91292  soil  A2  1.0  1.7  aerial  Clay  North Carolina 
P. cinnamomi  91422  soil  A2  1.3  4.3  aerial  Wise  Virginia 
P. cinnamomi  91425  soil  A2  0.7  2.3  aerial  Wise  Virginia 
P. cinnamomi  93079  soil  A2  1.7  19.3  appressed  Giles  Virginia 
P. cinnamomi  93120  soil  A2  1.3  1.7  appressed  Giles  Virginia 
P. cinnamomi  93145-1  nd  A2  1.0  0.3  appressed  Giles  Virginia 
P. cinnamomi  93145-2  nd  A2  1.0  11.7  appressed  Giles  Virginia 
P. cinnamomi  93146-1  nd  A2  1.3  7.3  appressed  Giles  Virginia 
P. cinnamomi  93146-2  nd  A2  1.7  1.7  appressed  Giles  Virginia 
P. cinnamomi  93172  soil  A2  1.0  11.0  appressed  Graham  North Carolina 
P. cinnamomi  93179  soil  A2  2.0  8.0  appressed  Graham  North Carolina 
P. cinnamomi  AB 11  soil  A2  1.3  13.0  aerial  Cocke  Tennessee 
P. cinnamomi  AB 12  soil  A2  1.0  6.0  aerial  Cocke  Tennessee 
P. cinnamomi  AB 18  soil  A2  1.0  16.0  aerial  Cocke  Tennessee 
P. cinnamomi  AB 20  soil  A2  1.0  20.0  aerial  Cocke  Tennessee 
P. cinnamomi  AB 6  soil  A2  0.7  4.7  aerial  Cocke  Tennessee 
P. cinnamomi  AB 9  soil  A2  1.7  2.3  aerial  Cocke  Tennessee 
P. cinnamomi  AB Top  soil  A2  1.0  6.3  aerial  Cocke  Tennessee 
P. cinnamomi  EF 10  soil  A2  1.0  4.0  aerial  Clay  North Carolina 
P. cinnamomi  EF 16  soil  A2  0.7  4.0  aerial  Clay  North Carolina 
P. cinnamomi  EF 4  soil  A2  1.0  3.3  aerial  Clay  North Carolina 
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P. cinnamomi  
EF 
Bottom  soil  A2  1.0  29.0  aerial  Clay  North Carolina 
P. cinnamomi  Gem 1  soil  A2  1.0  18.0  aerial  Wise  Virginia 
P. cinnamomi  Gem 10  soil  A2  1.0  15.7  aerial  Wise  Virginia 
P. cinnamomi  Gem 2  soil  A2  1.0  20.7  aerial  Wise  Virginia 
P. cinnamomi  Gem 7  soil  A2  1.0  28.7  aerial  Wise  Virginia 
P. cinnamomi  Gem 9  soil  A2  1.0  15.0  aerial  Wise  Virginia 
P. cinnamomi  
Gem 
Bottom  soil  A2  0.7  20.0  aerial  Wise  Virginia 
P. cinnamomi  Gem Left  soil  A2  1.0  21.0  aerial  Wise  Virginia 
P. cinnamomi  
Gem 
Right  soil  A2  1.3  18.0  aerial  Wise  Virginia 
P. cinnamomi  Gem Top  soil  A2  0.7  21.7  aerial  Wise  Virginia 
P. cinnamomi  JB 13  soil  A2  1.7  13.0  aerial  Wise  Virginia 
P. cinnamomi  JB 17  soil  A2  1.0  27.7  aerial  Wise  Virginia 
P. cinnamomi  JB 4  soil  A2  1.0  26.7  aerial  Wise  Virginia 
P. cinnamomi  JB 5  soil  A2  1.0  25.7  aerial  Wise  Virginia 
P. cinnamomi  JB Left  soil  A2  1.0  37.0  aerial  Wise  Virginia 
P. cinnamomi  JB Right  soil  A2  1.0  18.0  aerial  Wise  Virginia 
P. cinnamomi  JB Top  soil  A2  1.0  2.0  aerial  Wise  Virginia 
P. cinnamomi  
JB 
Unknown  soil  A2  0.7  35.0  aerial  Wise  Virginia 
P. cinnamomi  KF 2  soil  A2  1.3  25.7  appressed  Giles  Virginia 
P. cinnamomi  KF 20  soil  A2  2.0  19.0  appressed  Giles  Virginia 
P. cinnamomi  KF 25  soil  A2  1.3  16.3  appressed  Giles  Virginia 
P. cinnamomi  KF 3  soil  A2  1.7  18.3  appressed  Giles  Virginia 
P. cinnamomi  KF 6  soil  A2  1.3  25.0  appressed  Giles  Virginia 
P. cinnamomi  
KF 
Bottom  soil  A2  1.0  23.7  appressed  Giles  Virginia 
P. cinnamomi  San 15  soil  A2  1.0  21.7  aerial  Graham  North Carolina 
P. cinnamomi  San Right  soil  A2  1.3  25.0  aerial  Graham  North Carolina 
                 
P. cryptogea  
D4-27-
124  roots  nd  1.3  nd  nd  Seneca  South Carolina 
                 
P. heveae  28304  soil  H  3.0  2.7  appressed  Graham  North Carolina 
P. heveae  28378  soil  H  2.7  5.7  appressed  Graham  North Carolina 
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P. heveae  28537  roots  H  2.0  2.3  appressed  Graham  North Carolina 
P. heveae  28748  soil  H  2.7  58.3  appressed  Graham  North Carolina 
P. heveae  38364  soil  H  1.7  62.3  appressed  Graham  North Carolina 
P. heveae  38629  soil  H  2.0  64.7  appressed  Graham  North Carolina 
P. heveae  73137  roots  H  1.3  100.0  appressed  Graham  North Carolina 
P. heveae  73137  soil  H  2.7  3.3  appressed  Graham  North Carolina 
P. heveae  93137  soil  H  2.3  100.0  appressed  Graham  North Carolina 
P. heveae  San 12  soil  H  0.7  100.0  appressed  Graham  North Carolina 
P. heveae  San 17  soil  H  1.7  100.0  appressed  Graham  North Carolina 
P. heveae  San 19  soil  H  2.7  86.7  appressed  Graham  North Carolina 
P. heveae  San 2  soil  H  2.0  100.0  appressed  Graham  North Carolina 
P. heveae  San 20  soil  H  3.0  100.0  appressed  Graham  North Carolina 
P. heveae  San 6  soil  H  3.0  83.3  appressed  Graham  North Carolina 
P. heveae  
San 
Bottom  soil  H  1.0  100.0  appressed  Graham  North Carolina 
P. heveae  San Left  soil  H  1.3  71.3  appressed  Graham  North Carolina 
P. heveae  San Top  soil  H  2.7  100.0  appressed  Graham  North Carolina 
                 
P. 
quercetorum  91235  soil  H  1.0  1.7  appressed  Wise  Virginia 
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APPENDIX B 
The eight isolates of Phytophthora cambivora and 37 isolates of P. cinnamomi used to 
calculate mean oospore diameter for each species in Chapter 2—see Table 2.3. 
Isolate no. 
 
Substrate 
 
Species 
 Mean oospore 
diameter (µm)    
28597  soil  P. cambivora  36.3 
28847  root  P. cambivora  35.5 
38278  soil  P. cambivora  34.4 
38992  soil  P. cambivora  34.0 
39014  root  P. cambivora  35.7 
73224  root  P. cambivora  36.9 
93070  soil  P. cambivora  36.4 
No Tag 2  root  P. cambivora  35.8 
       
28513  soil  P. cinnamomi  30.6 
28892  soil  P. cinnamomi  31.7 
28955  root  P. cinnamomi  31.2 
35707  root  P. cinnamomi  31.2 
35707  soil  P. cinnamomi  30.4 
35777  root  P. cinnamomi  32.4 
35862  soil  P. cinnamomi  30.7 
36048  soil  P. cinnamomi  34.0 
36057  root  P. cinnamomi  29.3 
36174  root  P. cinnamomi  34.1 
36403  soil  P. cinnamomi  33.2 
36557  root  P. cinnamomi  32.4 
36710  soil  P. cinnamomi  29.7 
36750  root  P. cinnamomi  30.4 
36763  soil  P. cinnamomi  30.9 
36824  soil  P. cinnamomi  37.1 
36852  soil  P. cinnamomi  31.4 
36924  root  P. cinnamomi  29.4 
39157  soil  P. cinnamomi  31.3 
39359  root  P. cinnamomi  29.3 
39380  soil  P. cinnamomi  30.0 
39385  root  P. cinnamomi  27.3 
73123  root  P. cinnamomi  28.8 
90104  root  P. cinnamomi  31.5 
90532  soil  P. cinnamomi  33.7 
90833  soil  P. cinnamomi  29.2 
91220  soil  P. cinnamomi  29.7 
93079  soil  P. cinnamomi  31.6 
93146  soil  P. cinnamomi  32.3 
93172  soil  P. cinnamomi  33.2 
AB 9   soil  P. cinnamomi  30.4 
120 
EF 10  soil  P. cinnamomi  32.2 
Gem 10  soil  P. cinnamomi  29.8 
JB 17  soil  P. cinnamomi  34.4 
JB 5  soil  P. cinnamomi  32.6 
JB Right  soil  P. cinnamomi  30.2 
KF 6  soil  P. cinnamomi  31.3 
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APPENDIX C 
Field tag numbers for many of the American, Chinese, and backcross hybrid chestnut trees sampled in this study, the substrate 
assayed, and the species of Phytophthora recovered; isolates recovered from these samples were given the same number. 
Family is the source tree for the seeds from which seedlings grew; backcross hybrid chestnuts came from The American 
Chestnut Foundation. 
Tag no.  Chestnut type  Family  Substrate  Species  County  State 
28278  Chinese  Chinese  soil  P. cambivora  Giles  Virginia 
28325  American  Plummer4  soil  P. cambivora  Carter  Tennessee 
28427  American  Plummer4  soil  P. cambivora  Carter  Tennessee 
28514  B3F3 hybrid  D13  soil  P. cambivora  Giles  Virginia 
28552  B3F3 hybrid  D13  roots  P. cambivora  Carter  Tennessee 
28597  B3F3 hybrid  D13  soil  P. cambivora  Carter  Tennessee 
28628  B3F3 hybrid  D13  roots  P. cambivora  Carter  Tennessee 
28644  B3F3 hybrid  D3  roots  P. cambivora  Carter  Tennessee 
28660  B3F3 hybrid  D3  roots  P. cambivora  Carter  Tennessee 
28696  B3F3 hybrid  D20  soil  P. cambivora  Giles  Virginia 
28785  B3F3 hybrid  D17  soil  P. cambivora  Graham  North Carolina 
28847  B3F3 hybrid  D16  roots  P. cambivora  Carter  Tennessee 
28876  B3F3 hybrid  D16  roots  P. cambivora  Carter  Tennessee 
28904  B3F3 hybrid  D15  roots  P. cambivora  Carter  Tennessee 
28929  B3F3 hybrid  D15  roots  P. cambivora  Carter  Tennessee 
36642  B3F3 hybrid  D1  root  P. cambivora  Cocke  Tennessee 
38190  B3F3 hybrid  D3  root  P. cambivora  Carter  Tennessee 
38193  B3F3 hybrid  D3  soil  P. cambivora  Carter  Tennessee 
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38278  B3F3 hybrid  D19  soil  P. cambivora  Carter  Tennessee 
38289  B3F3 hybrid  D19  soil  P. cambivora  Giles  Virginia 
38364  B3F3 hybrid  D19  root  P. cambivora  Graham  North Carolina 
38803  B3F2 hybrid  CH283  soil  P. cambivora  Giles  Virginia 
38848  B3F2 hybrid  CH283  root  P. cambivora  Carter  Tennessee 
38876  B3F2 hybrid  CH283  both  P. cambivora  Graham   North Carolina 
38992  B3F3 hybrid  D3  soil  P. cambivora  Giles  Virginia 
38995  B3F3 hybrid  D3  soil  P. cambivora  Graham  North Carolina 
39014  B3F3 hybrid  D3  root  P. cambivora  Carter  Tennessee 
39062  B3F3 hybrid  D3  soil  P. cambivora  Graham  North Carolina 
39157  B3F3 hybrid  D19  root  P. cambivora  Giles  Virginia 
39359  B3F3 hybrid  D12  soil  P. cambivora  Graham  North Carolina 
39574  American  Plummer4  root  P. cambivora  Giles  Virginia 
73127  B3F3 hybrid  D12  soil  P. cambivora  Graham  North Carolina 
73162  B3F3 hybrid  D13  roots  P. cambivora  Carter  Tennessee 
73224  B3F3 hybrid  D15  roots  P. cambivora  Carter  Tennessee 
73386  B3F3 hybrid  D20  soil  P. cambivora  Carter  Tennessee 
73432  B3F2 hybrid  CH283  roots  P. cambivora  Carter  Tennessee 
73442  B3F2 hybrid  CH283  soil  P. cambivora  Carter  Tennessee 
73449  B3F2 hybrid  CH283  roots  P. cambivora  Carter  Tennessee 
93070  B3F3 hybrid  D14  soil  P. cambivora  Carter  Tennessee 
93116  B3F3 hybrid  D14  soil  P. cambivora  Graham   North Carolina 
93118  B3F3 hybrid  D14  roots  P. cambivora  Carter  Tennessee 
93126  B3F3 hybrid  D18  soil  P. cambivora  Giles  Virginia 
93148  B3F3 hybrid  D18  soil  P. cambivora  Carter  Tennessee 
93155  B3F3 hybrid  D18  root  P. cambivora  Carter  Tennessee 
93195  B3F3 hybrid  D18  both  P. cambivora  Graham  North Carolina 
             
28198  Chinese  Chinese  soil  P. cinnamomi  Carter  Tennessee 
28370  American  Plummer4  roots  P. cinnamomi  Carter  Tennessee 
28419  American  Plummer4  soil  P. cinnamomi  Carter  Tennessee 
28463  American  Plummer4  soil  P. cinnamomi  Graham   North Carolina 
28480  American  Plummer4  soil  P. cinnamomi  Graham  North Carolina 
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28513  B3F3 hybrid  D13  soil  P. cinnamomi  Giles  Virginia 
28579  B3F3 hybrid  D13  soil  P. cinnamomi  Giles  Virginia 
28661  B3F3 hybrid  D3  both  P. cinnamomi  Giles  Virginia 
28723  B3F3 hybrid  D20  soil  P. cinnamomi  Carter  Tennessee 
28753  B3F3 hybrid  D17  roots  P. cinnamomi  Giles  Virginia 
28796  B3F3 hybrid  D17  roots  P. cinnamomi  Graham  North Carolina 
28892  B3F3 hybrid  D12  soil  P. cinnamomi  Carter  Tennessee 
28945  B3F3 hybrid  D15  both  P. cinnamomi  Graham  North Carolina 
28955  B3F3 hybrid  D14  both  P. cinnamomi  Graham  North Carolina 
35576  B3F3 hybrid  D7  both  P. cinnamomi  Cocke  Tennessee 
35704  B3F3 hybrid  D9  soil  P. cinnamomi  Cocke  Tennessee 
35707  B3F3 hybrid  D9  both  P. cinnamomi  Cocke  Tennessee 
35723  B3F3 hybrid  D9  root  P. cinnamomi  Cocke  Tennessee 
35773  B3F3 hybrid  D9  both  P. cinnamomi  Wise  Virginia 
35777  B3F3 hybrid  D9  root  P. cinnamomi  Cocke  Tennessee 
35789  B3F3 hybrid  D9  soil  P. cinnamomi  Cocke  Tennessee 
35834  B1F3 hybrid  NB35  both  P. cinnamomi  Wise  Virginia 
35837  B1F3 hybrid  NB35  both  P. cinnamomi  Cocke  Tennessee 
35862  B3F2 hybrid  CH526  soil  P. cinnamomi  Wise  Virginia 
36031  B1F3 hybrid  NB1  root  P. cinnamomi  Cocke  Tennessee 
36047  B3F2 hybrid  CH283  root  P. cinnamomi  Cocke  Tennessee 
36048  B3F2 hybrid  CH283  both  P. cinnamomi  Cocke  Tennessee 
36055  B3F2 hybrid  CH283  root  P. cinnamomi  Cocke  Tennessee 
36057  B3F2 hybrid  CH283  both  P. cinnamomi  Wise  Virginia 
36098  B3F2 hybrid  CH283  soil  P. cinnamomi  Wise   Virginia 
36118  B3F2 hybrid  CH283  soil  P. cinnamomi  Cocke  Tennessee 
36159  American  Plummer2  soil  P. cinnamomi  Cocke  Tennessee 
36174  American  Plummer2  both  P. cinnamomi  Cocke  Tennessee 
36354  B2F3 hybrid  C240  soil  P. cinnamomi  Wise  Virginia 
36403  American  High Kno  both  P. cinnamomi  Wise  Virginia 
36459  American  High Kno  soil  P. cinnamomi  Cocke  Tennesse 
36514  American  Bell Hol  root  P. cinnamomi  Cocke  Tennessee 
36525  American  Bell Hol  soil  P. cinnamomi  Wise  Virginia 
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36557  American  Bell Hol  both  P. cinnamomi  Wise  Virginia 
36615  B3F3 hybrid  D1  soil  P. cinnamomi  Cocke  Tennessee 
36642  B3F3 hybrid  D1  soil  P. cinnamomi  Cocke  Tennessee 
36701  B3F3 hybrid  D8  root  P. cinnamomi  Cocke  Tennessee 
36710  B3F3 hybrid  D8  soil  P. cinnamomi  Wise  Virginia 
36734  B3F3 hybrid  D8  soil  P. cinnamomi  Cocke  Tennessee 
36735  B3F3 hybrid  D8  both  P. cinnamomi  Cocke  Tennessee 
36740  B3F3 hybrid  D8  soil  P. cinnamomi  Cocke  Tennessee 
36750  B3F3 hybrid  D8  both  P. cinnamomi  Cocke  Tennessee 
36757  B3F3 hybrid  D8  both  P. cinnamomi  Wise  Virginia 
36763  B3F3 hybrid  D8  both  P. cinnamomi  Cocke  Tennessee 
36789  B2F3 hybrid  SA330  soil  P. cinnamomi  Wise  Virginia 
36791  B2F3 hybrid  SA330  soil  P. cinnamomi  Cocke  Tennessee 
36824  B2F3 hybrid  SA330  both  P. cinnamomi  Wise  Virginia 
36852  B2F3 hybrid  SA330  soil  P. cinnamomi  Cocke  Tennessee 
36924  B3F3 hybrid  D10  both  P. cinnamomi  Cocke  Tennessee 
38067  American  Plummer4  soil  P. cinnamomi  Giles  Virginia 
38190  B3F3 hybrid  D3  soil  P. cinnamomi  Carter  Tennessee 
38564  Chinese  Chinese  soil  P. cinnamomi  Giles  Virginia 
38712  B3F2 hybrid  CH283  both  P. cinnamomi  Giles  Virginia 
39141  B3F3 hybrid  D19  soil  P. cinnamomi  Graham  North Carolina 
39157  B3F3 hybrid  D19  soil  P. cinnamomi  Giles  Virginia 
39158  B3F3 hybrid  D19  soil  P. cinnamomi  Graham  North Carolina 
39219  B3F3 hybrid  D19  soil  P. cinnamomi  Graham  North Carolina 
39240  B3F3 hybrid  D19  soil  P. cinnamomi  Graham  North Carolina 
39359  B3F3 hybrid  D12  root  P. cinnamomi  Graham  North Carolina 
39360  B3F3 hybrid  D12  root  P. cinnamomi  Giles  Virginia 
39366  B3F3 hybrid  D12  root  P. cinnamomi  Carter  Tennessee 
39380  B3F3 hybrid  D12  soil  P. cinnamomi  Graham  North Carolina 
39382  B3F3 hybrid  D12  both  P. cinnamomi  Graham  North Carolina 
39385  B3F3 hybrid  D12  both  P. cinnamomi  Carter  Tennessee 
39390  B3F3 hybrid  D12  root  P. cinnamomi  Carter  Tennessee 
39514  Chinese  Chinese  soil  P. cinnamomi  Graham  North Carolina 
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73123  B3F3 hybrid  D12  root  P. cinnamomi  Carter  Tennessee 
73137  B3F3 hybrid  D13  soil  P. cinnamomi  Graham  North Carolina 
73181  B3F3 hybrid  D14  soil  P. cinnamomi  Giles  Virginia 
73238  B3F3 hybrid  D3  soil  P. cinnamomi  Graham  North Carolina 
73434  B3F2 hybrid  CH283  roots  P. cinnamomi  Giles  Virginia 
90104  Chinese  Chinese  roots  P. cinnamomi  Wise  Virginia 
90428  B3F3 hybrid  D4  both  P. cinnamomi  Clay  North Carolina 
90442  B3F3 hybrid  D4  soil  P. cinnamomi  Wise  Virginia 
90884  B1F3 hybrid  NB1  soil  P. cinnamomi  Wise  Virginia 
91220  B2F3 hybrid  SA417  soil  P. cinnamomi  Wise  Virginia 
91292  B2F3 hybrid  SA417  soil  P. cinnamomi  Clay  North Carolina 
93079  B3F3 hybrid  D14  soil  P. cinnamomi  Giles  Virginia 
93120  B3F3 hybrid  D18  soil  P. cinnamomi  Giles  Virginia 
93146  B3F3 hybrid  D18  both  P. cinnamomi  Giles  Virginia 
93172  B3F3 hybrid  D18  soil  P. cinnamomi  Graham  North Carolina 
93179  B3F3 hybrid  D18  soil  P. cinnamomi  Graham  North Carolina 
             
28304  American  Plummer4  soil  P. heveae  Graham  North Carolina 
28537  B3F3 hybrid  D13  roots  P. heveae  Graham  North Carolina 
28748  B3F3 hybrid  D20  soil  P. heveae  Graham  North Carolina 
38629  Chinese  Chinese  soil  P. heveae  Graham  North Carolina 
73137  B3F3 hybrid  D13  roots  P. heveae  Graham  North Carolina 
93137  B3F3 hybrid  D18  soil  P. heveae  Graham  North Carolina 
28378  American  Plummer4  soil  P. heveae  Graham  North Carolina 
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APPENDIX D 
Summary of results from the pathogenicity experiment reported in Chapter 3 for four species of Phytophthora  
species on American and Chinese chestnut seedlings; x = the presence of a necrotic lesion on the tap root 
 
Treatment 
 
 
Chestnut 
type 
 
 
Rep 
 Tap roots 
with lesions 
(no.) 
 
Root rot (%) 
 
Fresh root wt. 
(g) 
 
Pathogen 
isolation 
      
 
  
Trial 
1 
Trial 
2  
Trial 
1 
Trial 
2  
Trial 
1 
Trial 
2  
Trial 
1 
Trial  
2 
Non-inoculated 
control 
 American  1     5.5 5.5  73.4 50.6  0/7 0/7 
  2     0 5.5  56.0 67.0  0/7 0/7 
  3     5.5 5.5  60.8 76.4  0/6 0/7 
  4     5.5 5.5  50.8 68.7  0/7 0/8 
  5     5.5 30.5  54.6 39.1  0/7 0/7 
 Chinese  1     0 5.5  30.9 29.8  0/8 0/8 
  2     0 5.5  51.5 34.2  0/7 0/8 
  3     0 5.5  27.6 34.3  0/8 0/8 
  4     0 5.5  19.7 46.7  0/6 0/7 
  5     0 0  23.7 33.9  0/6 0/7 
P. cinnamomi  American  1  x x  95.0 95.0  2.0 1.8  6/6 6/6 
  2  x x  95.0 95.0  6.9 14.1  6/6 6/6 
  3  x x  100.0 100.0  5.4 11.4  6/6 6/6 
  4  x x  95.0 100.0  7.8 17.2  6/6 6/6 
  5  x x  95.0 100.0  2.4 10.6  6/6 6/6 
 Chinese  1  x   70.5 5.5  24.8 14.4  7/7 0/6 
  2  x   100.0 30.5  14.1 42.2  4/7 0/6 
  3   x  30.5 100.0  28.1 21.9  7/7 6/6 
  4     5.5 30.5  25.4 36.3  3/7 0/6 
  5   x  5.5 100.0  26.2 15.7  3/7 5/6 
P. cambivora-VA2  American  1  x x  70.5 70.5  61.9 5.4  2/7 1/6 
  2     30.5 30.5  59.8 68.8  0/6 5/7 
  3  x x  95.0 100.0  35.5 7.7  5/7 0/6 
  4     30.5 30.5  64.1 69.7  6/7 0/6 
127 
  5   x  30.5 70.5  53.0 77.3  5/7 4/7 
 Chinese  1  x   70.5 5.5  17.5 33.9  7/7 1/7 
  2     0 5.5  36.9 26.6  1/7 0/6 
  3  x   70.5 5.5  21.0 42.0  7/7 0/6 
  4     5.5 5.5  24.9 51.8  1/6 0/6 
  5     5.5 5.5  33.3 27.8  0/7 0/6 
P. cambivora-VA1  American  1     30.5 5.5  61.0 62.1  0/6 0/6 
  2     30.5 5.5  73.7 67.2  3/6 0/6 
  3  x   30.5 30.5  52.9 43.1  4/6 0/6 
  4   x  70.5 70.5  41.0 65.0  0/6 4/7 
  5  x   95.0 30.5  49.7 79  4/5 1/7 
 Chinese  1     5.5 5.5  37.3 35.9  0/7 0/6 
  2     5.5 5.5  28.9 32.8  0/7 0/6 
  3     5.5 5.5  17.9 22.8  0/7 0/6 
  4     5.5 5.5  32.2 53.9  0/7 4/6 
  5     5.5 5.5  18.0 52.3  0/6 0/6 
P. cambivora-TN2  American  1  x   30.5 5.5  50.3 75.5  0/7 0/7 
  2  x   70.5 5.5  52.1 82.2  4/7 0/7 
  3     30.5 5.5  58.9 78.9  2/7 1/6 
  4  x   95.0 5.5  40.3 50.4  6/7 0/7 
  5   x  5.5 70.5  68.1 56.1  0/7 8/13 
 Chinese  1     5.5 5.5  25.7 30.6  0/7 0/6 
  2     5.5 5.5  38.7 38.6  0/7 0/7 
  3     5.5 5.5  30.8 37.8  7/7 1/7 
  4     30.5 5.5  28.3 45.1  6/7 0/7 
  5     30.5 5.5  22.0 18.5  3/7 5/7 
P. cambivora-NC  American  1  x x  70.5 70.5  39.6 45.8  6/8 4/7 
  2     5.5 30.5  63.3 64.6  2/7 2/7 
  3     5.5 30.5  75.0 80.4  1/7 6/7 
  4     0 30.5  77.2 78.5  1/7 3/6 
  5     30.5 30.5  77.9 55.4  0/7 0/6 
 Chinese  1     5.5 5.5  23.3 28.4  0/7 6/6 
  2     5.5 30.5  34.4 30.2  0/7 1/6 
  3     5.5 5.5  28.8 24.0  0/7 0/7 
  4     5.5 30.5  19.6 67.0  0/7 0/5 
  5     5.5 5.5  39.9 38.7  0/7 0/7 
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P. heveae  American  1   x  5.5 30.5  63.8 46.3  0/7 7/7 
  2     5.5 30.5  45.7 54.2  3/7 1/7 
  3     5.5 5.5  32.9 66.3  4/7 1/7 
  4  x   30.5 5.5  73.9 63.8  4/7 5/8 
  5     30.5 30.5  59.4 68.8  7/7 7/7 
 Chinese  1     0 5.5  35.8 28.1  0/7 2/6 
  2     0 5.5  31.9 42.5  0/7 0/6 
  3     0 5.5  33.1 38.0  0/7 0/7 
  4     0 5.5  37.8 50.8  1/7 1/6 
  5     0 5.5  28.3 41.8  2/7 1/6 
P. cryptogea  American  1  x x  30.5 30.5  53.4 73.0  1/7 5/6 
  2   x  30.5 70.5  56.2 60.5  5/6 4/7 
  3  x   30.5 5.5  55.3 56.4  5/7 5/6 
  4  x   70.5 30.5  54.2 72.7  7/7 5/7 
  5  x x  70.5 70.5  38.1 67.5  7/7 5/7 
 Chinese  1     0 5.5  9.0 33.9  5/6 3/7 
  2     5.5 5.5  41.5 47.0  7/8 3/7 
  3   x  0 30.5  33.7 34.3  3/7 7/7 
  4     5.5 5.5  38.0 46.8  1/8 4/6 
  5     5.5 5.5  33.2 17.3  6/6 5/6 
P. cambivora-TN1  American  1     5.5 5.5  53.4 59.3  0/7 0/6 
  2   x  30.5 30.5  58.5 62.0  1/6 1/7 
  3  x   70.5 5.5  66.9 63.3  1/6 0/7 
  4  x   70.5 5.5  42.2 65.2  4/7 0/7 
  5  x x  70.5 30.5  42.9 55.7  2/7 5/7 
 Chinese  1     0 5.5  22.7 16.5  0/7 0/6 
  2     5.5 0  25.6 38.9  0/6 0/6 
  3     0 5.5  37.6 45.0  1/7 0/7 
  4     0 5.5  27.4 32.3  0/6 0/6 
  5     5.5 5.5  32.3 31.1  0/6 1/6 
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APPENDIX E 
Summary of results from the virulence experiment reported in Chapter 3 for inoculum 
treatments composed of isolates of Phytophthora cinnamomi and P. cambivora on 
American chestnut seedlings 
Treatment 
 
Rep 
 Root rot  
(%) 
 Survival time 
(week) 
 Pathogen 
isolation (no.)     
    Trial 1 Trial 2  Trial 1 Trial 2  Trial 1 Trial 2 
P. cin-Standard  1  30.5 100.0  4 8  6/7 6/6 
 2  100.0 100.0  6 8  7/7 6/6 
 3  100.0 95.0  6 6  5/7 6/6 
 4  100.0 70.5  7 8  5/7 6/6 
 5  100.0 100.0  6 8  3/7 4/6 
P. cin-Root-NC  1  100.0 70.5  5 8  7/7 6/6 
 2  100.0 100.0  7 9  7/7 4/6 
 3  100.0 100.0  6 10  6/7 5/6 
 4  70.5 70.5  5 8  8/8 7/7 
 5  95.0 30.5  3 5  6/7 6/7 
P. cin-Root-TN  1  100.0 100.0  6 8  4/7 6/6 
 2  100.0 100.0  7 5  4/7 7/7 
 3  100.0 100.0  7 9  5/7 6/6 
 4  100.0 70.5  6 5  4/7 6/7 
 5  100.0 95.0  5 5  6/7 5/7 
P. cin-Root-VA  1  100.0 100.0  9 7  6/6 6/6 
 2  100.0 70.5  6 5  5/7 6/7 
 3  100.0 70.5  6 6  4/7 4/6 
 4  95.0 70.5  7 5  5/7 5/6 
 5  100.0 70.5  7 7  5/7 6/6 
P. cin-Soil  1  70.5 95.0  6 9  6/7 6/6 
 2  100.0 100.0  7 8  7/7 6/6 
 3  100.0 70.5  6 5  5/7 6/7 
 4  100.0 70.5  6 5  4/7 5/6 
 5  100.0 100.0  6 7  5/7 6/6 
P. cam-Root-NC  1  5.5 95.0  12 9  3/6 4/6 
 2  30.5 30.5  12 12  0/6 6/6 
 3  5.5 30.5  12 12  0/6 2/6 
 4  5.5 30.5  12 12  5/6 5/6 
 5  30.5 30.5  12 12  6/7 0/6 
P. cam-Root-TN1  1  30.5 5.5  12 12  0/6 1/6 
 2  0 30.5  12 12  0/6 0/6 
 3  5.5 70.5  12 12  0/6 0/6 
 4  5.5 5.5  12 12  2/6 5/6 
 5  30.5 30.5  12 12  0/6 2/6 
P. cam-Root-TN2  1  30.5 30.5  12 12  0/6 0/6 
 2  30.5 5.5  12 12  0/6 1/6 
 3  5.5 5.5  12 12  0/6 0/6 
 4  5.5 30.5  12 12  2/6 4/6 
 5  5.5 5.5  12 12  5/6 6/6 
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P. cam-Nursery  1  30.5 70.5  12 12  1/6 0/6 
 2  5.5 30.5  12 12  3/6 4/6 
 3  5.5 30.5  12 12  6/6 4/6 
 4  5.5 0  12 12  1/6 4/6 
 5  5.5 70.5  12 12  1/6 4/6 
Non-inoculated  1  5.5 30.5  12 12  0/6 0/6 
 2  0 70.5  12 12  0/6 0/6 
 3  5.5 30.5  12 12  0/6 0/6 
 4  5.5 30.5  12 5  0/6 0/6 
 5  0 0  12 12  0/6 0/6 
 
 
